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The use of (nano)-particles has increased over the past couple of decades, which includes 
incorporation into building materials such as lumber and cement. Since building materials are in 
the outdoor environment, incorporated (nano)-particles may be released into the environment and 
have unforeseen consequences. Outdoor weathering experiments were performed on two 
building materials, micronized copper azole (MCA) treated lumber and concrete with 
photoactive titanium incorporated with the cement, at five locations in the USA. MCA lumber 
released copper, but the amount and timing of release varied depending on the weathering 
climate. In humid areas, copper was released early in the first year of weathering. In hot and dry 
climates there was little initial release, but lumber cracking stimulated copper release during the 
second year, highlighting the significance of product aging. Laboratory leaching of MCA-
sawdust demonstrated that 84% and 40% of the released copper passed through a 0.45µm filter 
and a 0.02µm filter respectively, suggesting released copper is a mixture of colloidal, 
nanoparticulate, and dissolved forms. As MCA wood is a source of toxic copper ions, Daphnia 
magna acute toxicity exposures were performed on leachates. Toxicity of the copper-containing 
leachate was equal to that of ionic copper added to leachate of non-MCA treated lumber. 
Dissolved organic carbon (DOC) co-leached from the MCA treated lumber was found to be 
approximately 40% as protective against copper toxicity as Suwanee River fulvic acid (SRFA), 
suggesting it had lower copper binding capacity than SRFA. Concrete containing nano-TiO2 
(nTiO2) was exposed to outdoor weathering for ~2 years. Soluble elements (e.g. Ca) were 
released from the concrete at all locations, in keeping with the presence of these elements in the 
minerals contained in concrete.  TiO2 was present at considerable levels in the weathering 
controls (1.5µg-30µg Ti deposited per month), likely due to an atmospheric dust background, 
which made it difficult to detect any released nTiO2. Total metal analysis, single particle ICP-
MS, and particle imaging by electron microscopy did not present enough evidence to confirm 
significant TiO2 release from the concrete. Weathering release was difficult to detect in high 
background, low release scenarios (e.g. nTiO2 concrete), but low-background, high-release 
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exposures (e.g. MCA lumber) allowed for straightforward detection and investigation of possible 
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CHAPTER 1  
NANOMATERIALS IN THE ENVIRONMENT: CONCERNS  
AND DETECTION METHODS 
In the past few decades, concern over the impacts of engineered nanoparticles (ENPs) on 
the natural environment has increased.1 This is largely due to a growing market for 
nanomaterials, which is expected to reach a value of $2.23 billion by 2025.2 Nanomaterials are 
simply defined as a substance that is <100nm in at least one dimension. However, the USEPA 
only regulates a substance as a nanomaterial if it  "is manufactured or processed to exhibit 
unique and novel properties because of its size".3  Indeed, that is the primary reason for 
manufacturing nanoparticles; unique properties are often manifest due to small size, stemming 
from quantum confinement and/or high specific surface area.1,4 Some examples of unique size-
dependent properties include increased chemical reactivity, or unique optical or electrical 
properties. Nanoparticulate magnetite may be manufactured to be paramagnetic, and is useful in 
bioimaging through magnetic resonance imaging (MRI).5  Gold nanoparticles (NPs) range in 
color from pink to blue, depending on their size, which can be precisely controlled to obtain the 
desired color property.  Nano-TiO2 (nTiO2) is photo-active and absorbs wavelengths in the UVA 
and UVB range, and therefore has proven useful as a mineral-based sunscreen.6–8 Quantum dots, 
containing cadmium and sulfur, are used in high-definition light-emitting diode video screens in 
order to produce different colors. Generally, the increased manufacture and use of these man-
made NPs is concerning because they may enter the environment and have unforeseen effects 
due to the uniqueness of their chemistry. 9 The release of NPs from nanoengineered materials, as 
well as their environmental behavior, are therefore critical to examine. Several analytical 
challenges must be overcome to achieve this goal, this being a major component of the research 
presented in this dissertation. 
1.1  Nanoparticle Analysis in Natural Systems  
One of the main issues with metal nanomaterials use is the need to develop methods to 
detect and quantify NPs. This is particularly difficult to do in complex environmental matrices.10 
Perhaps foremost among the analytical challenges arises from the presence of a background of 
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natural NPs, which have always existed in nature.  A means to differentiate natural NPs from 
ENPs is necessary when investigating NP release from nano-engineered materials. Most NPs 
found on earth are the result of natural processes, such as volcanic eruptions, weathering of clays 
in soil, or mineral precipitation occurring in deep ocean vents.1 Another NP source is the 
formation of incidental nanoparticles, which are defined as NPs not purposefully manufactured, 
but generated as a result of human activity.  Examples are carbon and Ti particles released from 
the stacks of coal burning power plants, and iron oxide formed in acid mine drainage.11,12  
Therefore, determining the best methodology for detecting different types of NPs is a complex 
issue that often requires the use of multiple methods of analysis, a process that is discussed in 
subsequent dissertation chapters. 
1.1.1   Influence of Nanoparticle Background on NP Detection 
In some cases, NP detection is a simple question of relative, not absolute, quantity.  
Measurements might focus on either particle number or mass concentration. In the case of 
elements that are uncommon (i.e. low background concentration) in most natural settings, such 
as silver or platinum, simply detecting the bulk concentration of the element may be considered 
evidence of released  engineered NPs in the sample.13,14 A better approach is to detect the 
element as being present in particles (as described in subsequent dissertation chapters).  If the 
element is present in high concentrations in the natural environment, detecting released NPs 
requires special conditions. Either the amount of released NPs must be sufficient to generate a 
signal that is statistically higher than background, or the engineered or incidental NPs must have 
a specific characteristic that allows it to be distinguished from natural NPs.7 One excellent 
example of distinguishing ENPs from natural particles is the work in Europe on engineered 
cerium (Ce) NPs, 15 which are used as an additive in diesel fuel. In natural particles, Ce is almost 
always associated with lanthanum (La), whereas it is relatively pure in engineered CeO.  
Therefore the presence of particles that contain both Ce and La indicates a natural source.15 Use 
of these elemental analysis approaches are complicated by the fact that NPs, or their coatings, 
may transform as they are introduced into, or are transported through, natural environments, 
making it even more difficult to determine the original source.10  
3 
 
1.1.2   Methods of Detection, Characterization, and Quantification 
 Methods that have been applied to detecting NPs include those that provide 
characterization, quantitation, or a combination of both. Imaging NPs with scanning electron 
microscopes (SEM) or transmission electron microscopes (TEM) to visualize and determine NP 
size and are often paired with energy-dispersive x-ray spectroscopy (EDX) to determine 
elemental composition. However, these methods are often limited in many ways; most notably 
they are low throughput, only capable of processing a few hundred particles over the course of 
several hours. Therefore, results are often based on a small sampling of NPs that may be present 
in broad particle size distributions, which can result in very low numbers of any given size being 
measured. Another difficulty arises for samples that are originally aqueous, as is common in 
environmental samples and extractions. SEM and TEM analysis require that aqueous samples be 
dried and exposed to vacuum prior to analysis, which may alter both NP coatings and the degree 
of NP aggregation. 
 Dynamic light scattering (DLS) is another common method for analyzing nanoparticles. 
It is very useful for investigating particles in aqueous solutions by providing hydrodynamic size; 
however, light scattering is not element- or material-specific.  This lack of specificity means 
ENPs cannot be differentiated from background natural NPs. It also needs relatively high particle 
concentrations, which often requires some form of sample preconcentration.   
Field flow fractionation (FFF) is a method of separating particles based on diffusion 
coefficient (Asymmetric Flow field flow fractionation (AF4)) or buoyant NP mass (centrifugal 
Field Flow Fractionation).  Once separated by FFF the NPs are detected by a secondary 
technique such as UV-Vis or inductively coupled plasma-mass spectrometry (ICP-MS), the latter 
providing the elemental content of the separated NPs.16  FFF separations often require 10-60 
minutes whereas most ICP-MS analyses require only a few seconds to collect data on multiple 
elements.  This latter fact allows for measurement of elemental ratios across the particle size 
range. The elemental specificity of combined FFF-ICP-MS may provide a means of NP 
discrimination, but this is limited to the cases described above (i.e. signal well above background 
or the presence of a unique elemental signature).  FFF is a challenging technique in most cases 
and often the samples need preconcentration due to the dilution that occurs during FFF 
separation.   
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As a result of these issues with most existing techniques, researchers have turned 
increasingly to stand-alone ICP-MS for investigating metal-based nanoparticles.9 With a few 
modifications to the operating mode of a standard ICP-MS instrument, it may be used to detect 
transient particle-generated signals in a method called single particle ICP-MS (spICP-MS) 
analysis.  In spICP-MS, the transient peaks (on the order of a 400-1000 microsecond duration) 
are each interpreted as having arisen from an individual nanoparticle.  The area of the peak is 
related directly to the total elemental mass of a particle through calibration. Elemental mass is 
often converted to particle size by assuming the particle has the bulk density of the material of 
interest and has a spherical shape. spICP-MS is a major method of NP analysis used in this body 
of work.9 Because of its sensitivity, spICP-MS may require no sample preparation, although 
dilution might be required to avoid particle overlap. One limitation of spICP-MS methods that 
use quadrupole MS detectors is that only one element can be monitored in each particle.  
Although spICP-MS is a very powerful tool, it is often best to pair spICP-MS with some of the 
other techniques previously described, especially imaging.  These parings lead to a better 
understanding of form, elemental composition, and shape of the analyzed particles.  
1.2   Nanomaterials in Building Materials 
One area of NP or particle use is incorporation into construction and building materials. 
Example uses include particulate TiO2 as a paint pigment and carbon nanotubes to strengthen 
concrete.17 In this thesis, I focus on two particulate-containing materials. The first material is 
lumber that contains copper carbonate (micron & submicron sized particles) added as an anti-
microbial/ anti-fungal agent. The term nano-copper is used throughout this thesis, as it was 
determined the micron and submicron copper carbonate particles contained structures at the 
nanoscale (Chapter 2). The second building material I investigated is a concrete that incorporates 
anatase, a TiO2 mineral, which is introduced by using a cement powder that contains the nTiO2.18   
This dissertation research had the overall goal of improving our understanding of the 
lifecycle of nanomaterials.  More specifically, the research focused on applications of analytical 
methods for NP analysis and measurements of NP release from nanoengineered building 
materials.  Lifecycle analysis tracks the total environmental impact of a material throughout all 
phases of its lifetime, from manufacturing all the way through shipping, use, and disposal (end of 
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life(EoL)).19 The projects performed as part of this dissertation are helpful in that they generated 
data for the use phase of the materials (either the nanomaterial or the construction material) by 
tracking what is released and investigating possible impacts of the release.13 Further discussion 
on the topic is included in Chapter 2.  
1.2.1   Copper particulate used in Lumber 
Some prior research has looked into the fate of copper-containing nanoparticles (nano-
Cu) in the environment; however multiple forms such as pure copper metal nanoparticles, copper 
oxide nanoparticles, and copper carbonate particles complicate investigation.20 The fate and 
impacts of different particle types are expected to vary. In aqueous solutions, many of the copper 
NPs forms are thought to dissolve and release ionic copper, and thus nanoparticle solubility is a 
property that needs to be understood.  Sources of nano-copper include paint pigments, 
antibacterial agents, and agriculture pest control. In chapter 2, results from an investigation of 
copper release from copper-treated lumber, under a variety of weathering conditions across the 
continental United States is presented. This study also investigated if the released copper is in 
particulate or dissolved form and if this is transforming over time (Chapter 2).   
The potential impact of released material (i.e. copper and dissolved organic matter) was 
investigated via toxicity tests to the aqueous water flea Daphnia magna (Chapter 3). Copper is 
considered a highly toxic metal, particularly to aquatic organisms that are present lower on the 
food chain.21 Therefore, total copper is highly regulated in waterways throughout the US and 
world. The presence of major ions, pH, and the quantity and type of dissolved organic matter 
(DOC) are all known to impact the toxicity of copper to organisms in aquatic systems.22,23 The 
influence of water chemistry on copper toxicity can modeled by the biotic ligand model using 
inputs for different water chemistries.   
1.2.2  Titanium Dioxide Nanoparticles Used in Cement and Concrete 
Due to its unique photoactive properties and white color, nTiO2 has multiple uses. As 
described earlier, the light adsorption properties of TiO2,  when coated with a material to protect 
users from its photo-reactivity, makes it useful as a sunscreen.24,25 Also, it is used as a window 
treatment that causes water to form a thin uniform layer on surfaces instead of forming droplets, 
due to a surface tension effect, a result of the particles’ hydrophilicity.26  Colloidal TiO2 is used 
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as a paint pigment and is a component of most white paints on the market. It is also used as a 
food additive, again due to the pure white color that the particles lend.  In the concrete we 
investigated, the TiO2 was incorporated due to its photoactivity.18  The reasoning for 
incorporating the particles is that the nTiO2 present on the surface of the concrete will photo-
actively break down organic contaminants that can accumulate on the concrete. This effectively 
makes the concrete `self-cleaning’, as well providing a means of air cleaning by oxidizing NOx 
and SOx, which are known to contribute to poor air quality.26,27 
1.3  Thesis Contents and Work Presented 
Three major focus areas are reported in this thesis.  First is the determination of the 
release, form and transformations of copper carbonate particulates from micronized azole treated 
lumber (Chapter 2).  The second area of investigation is the possible environmental impact of the 
material released from MCA-treated wood, as shown by toxicity tests on a model organism, 
Daphnia magna (Chapter 3).  The final focus is on nTiO2, where the possible release of 
photoactive titanium, as either individual particles or incorporated into concrete particles, is 
investigated using elemental correlations and spICP-MS (Chapter 4).  
Chapter 1 provided a brief overview of the topics and major concerns that prompted the 
work that is summarized in this thesis. Chapter 2 presents a method for examining the outdoor 
weathering of lumber treated with particulate copper and was published as “Copper release and 
transformation following natural weathering of nano-enabled pressure-treated lumber” in 
Science of the Total Environment. In Chapter 3 (to be submitted to Environmental Toxicology 
and Chemistry), a possible impact of the material leached from the same copper wood is 
presented, by investigating the toxicity of the released copper, and the influence of co-released 
dissolved organic carbon, to Daphnia magna. Chapter 4 (to be submitted to Journal of Hazardous 
Materials) provides details on a ~2.5 year-long study of the natural weathering of concrete that 
contains photoactive nTiO2. The outdoor nature of the study prompted an investigation into the 
natural nano titanium present in the background.  This was accomplished by examining the 
deposition of dust into both the control and exposure jars. Due to the complexity and 
commonness of TiO2 particles in the environment, release was not detected. The final chapter 
provides a summary and a discussion of potential future work for the data collected herein, as 
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CHAPTER 2  
COPPER RELEASE AND TRANSFORMATION FOLLOWING NATURAL 
WEATHERING OF NANO-ENABLED PRESSURE-TREATED LUMBER 
Adapted from a previously published version:  Lankone, R. S*1.; Challis, K*2.; 
Pourzahedi, L3.; Durkin, D. P.4; Bi, Y5.; Wang, Y6.; Garland, M. A7.; Brown, F.8; Hristovski, 
K.8; Tanguay, R. L.7; Westerhoff, P.5; Lowry, G.3; Gilbertson, L.M.6; Ranville, J.2; Fairbrother, 
D.H.1. Copper Release and Transformation Following Natural Weathering of Nano-Enabled 
Pressure-Treated Lumber. Sci. Total Environ. 2019, 668, 234–244.  
2.1  Abstract 
Commercially available lumber that is pressure-treated with micronized copper azole 
(MCA) has largely replaced other inorganic biocides for residential wood treatment in the USA. 
Yet little is known about how different outdoor environmental conditions impact the release of 
ionic, nanoscale, or larger (micron- scale) particulate copper from the product. Therefore, we 
weathered pressure-treated lumber for 18 months in five different climates across the continental 
United States. Copper release was quantified every month and local weather conditions were 
recorded continuously to determine the extent to which local climate regulated the release of 
copper from this nano-enabled product during its use phase. Two distinct release trends were 
 
* Primary researchers and co-first authors, Ron Lankone compiled and graphed data. Katie 
Challis analyzed all samples for copper and performed single particle analysis. Writing was a 
shared task  
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3 Carnegie Mellon University, Department of Civil and Environmental Engineering, Pittsburgh, 
PA 15213, USA 
4 United States Naval Academy, Department of Chemistry, Annapolis, MD 21402, USA 
5 University of Pittsburgh, Department of Civil and Environmental Engineering, Pittsburgh, PA 
15261, USA 
6 Arizona State University, School of Sustainable Engineering and The Built Environment, 
Tempe, AZ 85287, USA 
7 Oregon State University, The Sinnhuber Aquatic Research Laboratory, Corvallis, OR 97333, 
USA 
8 Arizona State University, The Polytechnic School, Ira. A Fulton Schools of Engineering, Mesa, 
AZ 85212, USA 
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observed. In cooler, wetter climates, release occurred primarily during the first few months of 
weathering, as the result of copper leaching from surface/near-surface areas. In warmer, drier 
climates, less copper was initially released due to limited precipitation. However, as the wood 
dried and cracked, the exposed copper-bearing surface area increased, leading to increased 
copper release later in the product lifetime. Single-particle-ICP-MS results from laboratory-
prepared MCA-wood leachate solutions indicated that a) the predominant form of released 
copper passed through a filter smaller than 0.45 micrometers and b) released particles were 
largely resistant to dissolution over the course of 6 wks. Toxicity Characteristic Leaching 
Procedure (TCLP) testing was conducted on nonweathered and weathered MCA-wood samples 
to simulate landfill conditions during their end-of-life (EoL) phase and revealed that MCA wood 
released 10% of initially embedded copper. Results demonstrate that product aging must be 
considered in life cycle assessments when examining the use phase of nanomaterials. 
2.2  Introduction 
Wood possesses many desirable properties (e.g. natural abundance, high strength, low 
density) that have led to its use as a building material for millennia. However, a persistent 
challenge in the utilization of wood for construction is its inherent susceptibility to deterioration 
due to weathering and wear, fungal/microbial degradation, and insect burrowing. To combat 
degradation, chemical treatment methods have been used dating back to at least the Middle Ages 
in order to increase lumber’s useful lifetime in a given application.28 More recently, pressure 
treatments using copper (Cu) based antifungal, antimicrobial, and insect resistant formulations 
have emerged as a leading treatment.29  
Prior to 2003, the preferred pressure treatment chemical formulation used by the wood 
industry for residential purposes was copper chromated arsenate (CCA). However, studies 
conducted by the U.S. Consumer Product Safety Commission (CPSC) found that CCA-treated 
wood led to elevated human exposure to arsenic, especially for children in contact with CCA-
treated wood at playgrounds.30 Soon after publication of these findings, CCA was phased out in 
favor of alternative pressure treatment formulations. Several Cu-based wood treatment 
alternatives were employed (e.g. acid copper chromate (ACC), alkaline copper quaternary 
(ACQ), and ionic copper azoles); unfortunately these alternatives released significant amounts of 
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copper to the environment,31,32 so much, in fact, that metal fasteners affixed to the treated wood 
corroded quickly due to increased copper exposure.33 To overcome the challenge of copper 
release, ionic copper formulations were abandoned and a micronized copper wood treatment 
formulation was adopted.  
Micronized copper (MC) – the industry preferred term for copper particles possessing 
dimensions on the nanometer to micron scale – is produced from ball-milling and sieving copper 
(II) carbonate hydroxide (Cu2CO3(OH)2).  This mechanical process creates Cu particles ranging 
in size from 1 nm to 250 μm, which are incorporated into wood via pressure treatment.34 In this 
process, MC particles deposit along cell walls and in connective regions between cellular 
elements in the treated lumber.35 Copper nanoparticles (Cu NPs) are believed to impart anti-
fungal properties to the wood by several means.  These particles may act as metal reservoirs, 
gradually releasing solubilized/ionic copper,36 and/or express a Trojan Horse mechanism after 
contact with fungi, inducing toxic effects from within fungi cell walls.37,38 The complex 
interactions between copper and fungi and their mechanism of toxicity have been thoroughly 
examined by Civardi, et al.39 
Approximately 80% of pressure-treated wood produced in the United States and Canada 
contains MC.29 MC treatments usually contain an organic azole fungicide along with the copper 
carbonate.  The industry term for this treatment mixture is micronized copper azole (MCA).29 
While MCA-treated wood may be commercially ubiquitous and generally effective at preventing 
wood rot/deterioration, it is not without its own unique set of concerns, as there are uncertainties 
regarding both the degradation of the wood itself 40 as well as copper release such as its 
magnitude, rate, form, and subsequent toxicity to the environment.39,41  
An EPA report published in 2014 provides one of the most comprehensive assessments 
of copper release from MCA pressure-treated wood.29 This report included experiments that 
simulated two environmental exposure scenarios: copper transfer following physical contact (i.e. 
wiping) and copper leaching into aqueous media during submersion/soaking. Wiping 
experiments performed before and after a period of natural weathering found that both 
nonweathered and weathered samples (up to 400 days) released similar amounts of copper, 
approximately 1.5 mg total Cu/m2. Aqueous leaching experiments found that nonweathered 
MCA-wood blocks released significant copper, nearly 200 mg total Cu/m2, during 72 hours of 
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submersion, suggesting that climate variables, such as precipitation may influence the release of 
copper from MCA-wood. Yet to date, no study has quantified copper released from MCA-wood 
during natural weathering in different climates. 
Several other studies have focused more directly on examining the role of weathering in 
regulating copper release from non-MCA pressure-treated lumber. Lebow et al. examined 
southern pine treated with either CCA or alkaline borax-copper (BC) subjected to simulated 
rainfall (spraying with deionized water) and found that CCA and BC wood released a total of 
0.6% (+/- 0.2) and 4.8% (+/- 0.8) of total copper available, respectively, after 28 days.42 Lebow 
et al. also examined how the rate of simulated rainfall impacted the extent of copper release from 
CCA-wood. Interestingly, experiments indicated that slower rainfall rates, with the same volume 
of water, led to an increase in the mass of copper released from CCA treated samples.43 Outdoor 
natural weathering of BC wood found that following approximately eight months of exposure in 
just a single location and climate, samples released ~20% of their initially embedded copper.44  
A few studies have attempted to characterize the form of released copper. In the 2014 
EPA report detailed above, leached copper samples were filtered through successively smaller 
filters (2.5 μm, 0.45 μm, and 10 kDa). Following each filtration, the concentration of total copper 
remaining in solution/suspension was quantified with inductively coupled plasma mass 
spectrometry (ICP-MS). It was determined that ~95% of copper released from MCA-wood 
during aqueous leaching was in its ionic form (i.e., passed through the 10 kDa filter) after 72 
hours in solution.29   In a study by Parks, et al., sizes fractionation as well as ion selective 
electrode measurements and aquatic toxicity testing were performed to determine the form of 
copper released from pressure treated lumber into the marine environments. Similarly to the EPA 
report it was determined copper released primarily in its ionic (Cu2+) form.45 
Natural weathering remains a principal degradation and release pathway for commercial 
MCA-wood yet has not been comprehensively studied. The primary focus of the present study is 
to determine how climate variables regulate copper release from MCA-wood. The interplay of 
natural weathering and copper release from commercially acquired MCA wood samples 
weathered was pursued in five distinct climates across the continental United States: Baltimore, 
MD, Golden, CO, Tempe, AZ, Pittsburgh, PA, and Corvallis, OR. In addition to the monthly 
sample collection to quantify copper concentration (by ICP-OES), local weather conditions (e.g. 
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temperature, UV-index, solar flux, and precipitation) were recorded continuously and retrieved 
monthly from location specific weather monitoring stations adjacent to the weathered samples.  
End-of-life (EoL) Toxicity Characteristic Leaching Procedure (TCLP) testing was carried out on 
weathered and nonweathered MCA-wood samples to determine the relationship among use-
phase weathering, copper release, and copper leaching in landfills. Laboratory-based dissolution 
studies were performed with spICP-MS to characterize the form and potential transformation of 
copper following its release from MCA wood. The spICP-MS method enables direct 
measurement of metallic nanomaterials in environmental matrices.46–48 Our results can be used in 
life cycle assessment (LCA) to examine the consequences of using MCA wood. 
2.3   Experimental 
2.3.1  Sample preparation  
Pressure treated lumber was purchased from a commercial home improvement store. The 
wood examined in the weathering portion of this study was MCA- pressure treated lumber 
intended for above ground (AG) use, produced by YellaWood, and specified to contain 
micronized copper azole AA-696. The treatment contained copper and tebuconazole at a 25:1 
mass ratio.49  Ground Contact (GC) lumber of the same brand and treatment type were used in 
laboratory studies to evaluate released copper form and dissolution behavior.  The difference 
between AB and GC lumber is that GC was treated with higher concentrations of the MCA 
solution. Two pieces of AB lumber (originally 8’ x 3.5” x 1.5” in size) were acquired and cut 
into three sizes: large (2” x 3.5” x 1.5”), medium (2” x 2.3” x 1.5”), and small (2” x 1.2” x 1.5”). 
For each size, triplicate samples were prepared for each experimental weathering location. All 
samples were also weighed, and their exact physical dimensions measured.   
Two Teflon straps (purchased from Industrial Netting), were affixed to each sample so 
that the samples could be secured in place over the rain-water runoff collection jar (Figure A.1). 
Samples were affixed such that the grain of the wood was perpendicular to incoming rainfall (top 
face exposed surface area 19 cm2). Samples were then labeled and distributed for weathering. 
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2.3.2  Analysis of copper in wood samples 
Saw dust samples (100–200 mg) were collected during the sample cutting process and 
these were used to determine the initial copper concentration present in the wood using two 
independent methods. The first method was ICP-OES analysis following microwave digestion 
EPA method 3051A.50 To assess the uniformity of copper concentration in the wood, samples 
were analyzed at various points along the length of the pressure treated wood. The second 
method utilized Atomic Absorption Spectroscopy (AAS). In this approach, 100–200 mg of 
copper sawdust was first digested in concentrated nitric acid heated to 70 °C for ~5 h in 
borosilicate vials. Sawdust samples for these analyses were collected from different depths in the 
wood to further characterize the uniformity of copper distribution throughout the volume of the 
wood prior to weathering. AAS was also performed on digested MCA-wood collected from 
weathered samples to assess the role local climate may have on dictating the location (i.e. top, 
middle, or bottom) from which copper primarily released from the wood (as detailed in 
Appendix A section “Copper concentration distribution”). 
2.3.3  Weathering locations and procedures  
The climates, as classified in the latest update of the Köppen-Greiger climate 
classification system (see Figure A.2), based on data from 1986 to 2010, are: Golden, CO- BSk 
(arid, steppe, cold arid) near border of Dfb (snow, fully humid, warm summer); Tempe, AZ- 
Bwh (arid, desert, hot arid); Corvallis, OR- Csb (warm temperate, summer dry, warm summer); 
Pittsburgh, PA and Baltimore, MD- Cfa (warm temperate, fully humid, hot summer).51,52  
Wood specimens were secured in place outdoors on rooftops and monthly sample 
collection procedures were as follows: Each month, the accumulated rainwater in each collection 
jar was collected for ICP-OES (PerkinElmer Optima 5 or PerkinElmer Optima 8300) analysis to 
determine the concentration of released copper from the wood samples. (Note: if no rainwater 
was present at collection, released and dried copper was captured from the jar via the acid rinse 
step of the collection procedure described by Lankone, et al.13) In addition to the monthly 
collection of rainwater runoff, climate data including temperature (degrees Celsius), precipitation 
(cm), and solar fluence (MJ/m2) were also recorded from a weather station (DavisWeather Link) 
placed adjacent/between the sample collection jars. Control experiments to determine copper 
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recovery during monthly rainwater collection were also performed (as detailed in Appendix A 
“Acid rinse control studies”).  
2.3.4  Laboratory experiments simulating heat and solar exposure  
To determine the extent to which heat and solar exposure impacted copper release, large 
sized AB wood samples were placed in a photochemical reactor (Rayonet) equipped with 16 low 
pressure mercury bulbs, that each emitted 300 nm light at approximately 15 W. Samples were 
irradiated continuously for five weeks, at approximately 50˚C. Irradiated samples and control 
samples (stored in the dark at room temperature, ~21˚C) were then submerged three times at ten 
second intervals in 400 mL of water. Following each period of submersion, the resulting solution 
was collected and 20mL of 2% nitric acid, used to rinse the container, was added.13 Copper 
released from each sample during each period of submersion was measured using ICP-OES.  
Each test was performed in triplicate.  
2.3.5  Copper form and dissolution experiments  
The form of copper released from the MCA-wood and the copper’s dissolution behavior 
in solution following release was characterized with spICP-MS (instrument details provided in 
Appendix A section “Copper single particle ICP-MS”). To this end, a pre-weighed block of GC-
MCA wood was submerged in MilliQ water and shaken for 30 seconds to stimulate copper 
release. After shaking, the wood was left to sit in the water for another minute and then removed, 
producing a leachate solution for subsequent characterization. Three separate blocks weighing 
3.2-4.2g in 250mL of MilliQ water were used as triplicate samples. The leachate was analyzed at 
time points 0h, 24h, 48h, 1week, 2wk, 4wk, and 6 wks. At each time point, the unfiltered 
leachate from each sample was directly analyzed by spICP-MS. Leachate collected at each time 
point was also filtered through 0.02 µm and 0.45 µm syringe filters and analyzed by spICP-MS.   
2.3.6  End-of-life testing 
EoL testing was carried out on nonweathered and weathered samples from each location 
in accordance with a modified version of U.S. EPA Test Methods for Evaluating Solid Waste: 
Physical/Chemical Methods (SW-846 method 1311). A full account of experimental details for 
this method can be found in Appendix A. 
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2.3.7  Materials Characterization 
Technical details regarding the instruments (AAS, spICP-MS, scanning electron 
microscopy, energy dispersive X-ray spectroscopy, ICP-OES, and Attenuated Total Internal 
Reflectance-FTIR) and methodology for materials characterization can be found in the Appendix 
A. 
2.4  Results and Discussion 
2.4.1  Macroscopic wood transformations 
Figure 2.1 displays the representative images of nonweathered and weathered wood 
samples as seen from both the top and side profile. The slight green tint in nonweathered MCA 














Figure 2.1 Images of pressure treated (large sized) lumber before weathering (left hand 
images) and after 18 months of outdoor weathering in each of the five different locations 




appear to be free of any major cracks, deformations, or indications of deterioration. Following 18 
months of natural weathering, two distinct transformations to the wood samples are observed. 
The first is a distinct discoloration of the samples weathered in Baltimore, MD, Pittsburgh, PA, 
and Corvallis, OR, which were greyer in color than samples weathered in Golden, CO and 
Tempe, AZ, which were more yellow-orange in color. The greying of the samples weathered in 
Baltimore, MD, Pittsburgh, PA, and Corvallis, OR was driven by the significantly greater 
precipitation at these three locations (Figure A.3a), which rinsed away the oleoresin oils (i.e. 
turpentine and diterpene resin acids) associated with the wood.53 The color change observed for 
samples weathered in Golden, CO and Tempe, AZ, is attributed to photobleaching due to the 
high cumulative sunlight (~10,000 MJ/m2) experienced by samples weathered in these two 
locations, relative to the other three locations (Figure A.3c). Interestingly, photobleaching did not 
cause sufficient molecular degradation on the surface of the wood, as supported by no 
measurable difference in the samples’ infrared spectra (Figure A.4). Our findings are in 
agreement with observations in a previous study that exposed wood to visible and UV light, 
attributing changes in the wood specimens to photobleaching driven primarily by visible light 
while the infrared spectra remained unchanged.54 The second observed transformation of the 
MCA wood samples was the formation of small cracks along the sample surfaces (Figure 2.1, 
bottom panel). While visible macroscopic cracking occurred in MCA-wood weathered in all 
locations, those weathered in Golden, CO and Tempe, AZ exhibited a greater degree of cracking 
than samples weathered in the other three locations, with the Tempe, AZ MCA-wood specimens 
having the most cracking. The increased sample cracking observed in samples weathered in 
Golden, CO and Tempe, AZ  is likely the result of stress generated from non-uniform wood 
shrinking caused by wood drying due to each location’s limited precipitation and lack of overall 
moisture.55 Golden, CO and Tempe, AZ recorded cumulative precipitation values following 
eighteen months of weathering of 77 and 29 cm, respectively, compared to 175, 150, and 136 cm 
measured in Baltimore, MD, Pittsburgh, PA, and Corvallis, OR, respectively (Figure A.3a).  For 
samples weathered in Tempe, AZ, wood drying and cracking was further enhanced due to the 
higher temperatures (13˚C higher on average) than the other four locations (Figure A.3b). The 
absence of extensive cracking for samples weathered in the other three locations is attributed to 
locations’ higher precipitation and more moderate temperatures which prevented long periods of 
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wood drying. From these observations, extent of macroscopic physical transformations to the 
wood following weathering clearly depends directly on its exposure to different climate factors, 
with precipitation and sun exposure impacting the physical appearance of the wood and drier 
climates deleteriously impacting the wood’s macroscopic structure.  
2.4.2  Initial concentration of copper in MCA wood   
To determine the initial copper concentration present in nonweathered MCA wood, two 
dozen sawdust samples were collected from various points along the as purchased 8’ x 3.5” x 
1.5” planks, including samples collected from both the interior and exterior of the wood at 
various depths. Following sawdust collection and acid digestion, independent analysis with ICP-
OES and AAS determined the initial MCA wood copper content to be 0.23%w/w (± 0.07) (Figure 
A. 5). MCA wood samples were also imaged with scanning electron microscopy (SEM) to 
visualize the presence of copper prior to weathering. Copper nanoparticles were found to be 
clustered in discrete regions along the wood (Figure 2.2a) rather than distributed evenly and 
individually throughout. EDX spectra (Figure 2.2b) were also collected to confirm the presence 
of copper observed during imaging.   
 
Figure 2.2 a) In SEM the presence of copper in pressure treated wood samples was 
visualized as brighter regions due to Z contrast. b) The presence of copper in these regions 
was confirmed with EDX spectroscopy. 
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2.4.3  Monthly copper release from natural weathering 
Copper is generally released by water-leaching, with other processes such as abrasion and 
physical deterioration being less important. Thus, precipitation is most likely the only climate 
factor necessary for copper release, other factors being secondary.  Not surprisingly, release data 
showed that precipitation was the most significant factor in regulating release. As such, the 
extent to which precipitation regulated copper release is discussed immediately below. In the 
subsequent section, monthly copper release was normalized to precipitation to isolate copper 
release dependence on precipitation and allow for the impact of local climate in enhancing or 
mitigating copper release during precipitation events to be more readily observed. 
2.4.4  Release and precipitation  
Monthly copper release (mg) and monthly precipitation values (cm) measured at each 
location for 18 continuous months are shown in Figure 2.3. The top panel for each location 
displays location-specific monthly precipitation, and the bottom panel presents the average 
monthly mass of copper released from each sample size. The error bars are calculated from the 
standard deviation of copper release mass measured from triplicate samples of each size. Copper 
recovery control experiments were performed and demonstrated that >95% of copper released 
into the jars was captured following the acid rinse procedure (Table A.1) 
From the plots shown in Figure 2.3, two trends in copper release are observed. The first is 
that precipitation is absolutely required for copper release, irrespective of location and other 
climate variables. This dependence is most clearly observed during the months of April and June 
2017, in Tempe, AZ, in which those months’ complete absence of precipitation resulted in 
measured copper release values less than or equal to the copper mass collected from control jars. 
The second is that for samples weathered in wetter climates (Baltimore, MD and Pittsburgh, PA), 
copper release is most prominent during the first 10 months of weathering and then subsides, 
while samples weathered in Golden, CO and Tempe, AZ exhibited sustained copper release (> 1 
mg/month) during months with precipitation well into the second year of weathering. This 
contrasting release behavior between samples weathered in Baltimore, MD and Pittsburgh, PA 
vs. Golden, CO and Tempe, AZ indicates that in wetter climates, precipitation during the initial 
months of weathering rinsed off readily available copper on or near the surface of the MCA 
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Figure 2.2: Monthly precipitation (top) and Cu release (bottom) measured at each location demonstrate that release occurs only in 
months in which there is rainfall – but only in drier climates does release continue to occur (with rainfall) following a year of 
weathering. Plots for Baltimore, Pittsburgh, Golden, and Tempe all share the same scale for their precipitation axis, while the axis 




wood. In drier climates like those in Golden, CO and Tempe, AZ in which the MCA wood 
fractured, release was sustained due to physical deterioration of the wood samples. The sample 
cracking experienced by samples weathered in Golden, CO and even more so in Tempe, AZ 
increased the overall copper-containing surface area of the wood samples and allowed previously 
inaccessible copper impregnated in the interior of the MCA wood to become exposed and rinse 
off with incident rainwater. These observations make apparent that in drier climates where 
sample fracturing occurs, copper release from MCA wood will continue over a longer time (> 
one year) and is not restricted to the initial months of exposure. Release and precipitation data 
collected in Corvallis, OR is shown separate from the other four locations due to the fact that 
samples there encountered an extreme weathering event, Typhoon Sunga, during October 2016. 
As a result, sample collection jars were flooded such that the specimens soaked in the collected 
water and thus, their release data are not directly comparable to the other locations. Further 
discussion on the impact of this event on copper release can be found in Appendix A.  
Copper release was found to be largely independent of the size of MCA wood used in this 
study, in that all three sizes of wood released similar quantities of copper each month at each 
location. This suggests release occurs from primarily the top face, which possesses a constant 
surface area in all sample sizes (19 cm2). To test this hypothesis, sawdust samples from the top, 
middle, and bottom of large MCA samples from Pittsburgh, PA, Golden, CO, and Tempe, AZ 
were collected, digested, and analyzed with AAS to determine the location (i.e. depth from the 
top face) from which copper was released from the wood. Results are summarized in Table 2.1 
Table 2.1. Fractional loss of copper from wood samples weathered for 18 
months at three different locations. At each location the fractional loss of 
copper was determined for three different depths below the exposed wood 
surface. Copper concentrations were determined by acid digestion of 
collected saw dust from drilling followed by analysis with both ICP-OES 
AAS. and Values listed are average values calculated from replicate 
digested samples and parenthetical values are the calculated standard 
deviation from four replicates. 
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and presented as the fraction of copper, with respect to original copper concentration, lost from 
the wood following eighteen months of weathering. For samples weathered in Pittsburgh, PA 
and Golden, CO, copper release occurs primarily from the top (i.e. the side that faces up) of the 
MCA wood. This result is expected since the top surface is directly exposed and encounters 
incident rainfall. The decreased copper release from the bottom of samples weathered in 
Pittsburgh, PA and Golden, CO is attributed to the lack of direct precipitation experienced by 
that region of the wood, reducing the overall copper exposure to water/precipitation. For samples 
weathered in Tempe, AZ, this trend is not observed but rather the top, middle, and bottom of the 
wood samples were all found to have released comparable amounts of copper. This is attributed 
to the extensive sample fracturing that occurred to samples weathered in Tempe (Figure 2.1), 
allowing rainfall better access to copper embedded throughout the MCA sample. These findings 
suggest that not only will local climate impact the longevity of copper release from MCA wood, 
it will also impact the region of wood from which copper is released.  
To examine the role of orientation in regulating copper release, triplicate cubic inch MCA 
samples (1” x 1” x 1”) were prepared and orientated either parallel or perpendicular to incident 
precipitation and weathered for eight months in Baltimore, MD. Grain orientation was found to 
affect copper release, with parallel oriented samples released approximately 25% more copper 
than perpendicular samples (Figure A.6).  This indicates that the orientation of MCA wood 
during its use will have some effect on its propensity to release copper when exposed to 
precipitation.  
2.4.5  Climate-driven wood drying and its impact on copper release 
As discussed above, samples in Golden, CO and Tempe, AZ are found to have sustained 
elevated levels (>1 mg) of copper release many months after samples in wetter climates abated in 
their copper release. This is a result of samples weathering in wetter climates being depleted of 
readily available copper on their surface, while samples weathered in Golden, CO and especially 
Tempe, AZ were sufficiently fractured (Figure 2.1) to allow for precipitation to continually 
encounter newly formed copper bearing surfaces. Contrasting climate-dependent copper release 
behavior is made explicitly clear when monthly copper release values are normalized to monthly 
precipitation measurements (mg/cm), as seen in Figure 2.4a.  
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From Figure 2.4a, Baltimore’s wet and cooler climate (Figure A.3) led to normalized 
release values of less than 0.2 mg Cu/cm, for all months weathered. The dry and hot climate in 
Tempe (Figure A.3), on the other hand, regularly resulted in monthly normalized copper release 
values greater than 0.2 mg Cu/cm and as high as 1.2 mg Cu/cm. From this plot, it becomes clear 
that in drier climates, MCA wood has a greater potential to release larger concentrations of 
copper during a given precipitation event.  
Shown in Table 2.2 are the normalized copper release values for samples weathered in 
Baltimore, Pittsburgh, Golden, and Tempe for the first month of weathering and for a month of 
weathering with comparable rainfall at least 16 months later. This comparison indicates that 
samples in each location released similar amounts of copper (normalized to the precipitation they 
received) during the first month of weathering. However, following over a year of weathering, 
both Baltimore, MD and Pittsburgh, PA have significantly lower normalized copper release 
values (0.01 mg Cu/cm), while Golden, CO and Tempe, AZ released an increased amount of 
copper normalized to precipitation (0.1 and 0.26 mg Cu/cm, respectively). These comparisons 
further indicated that climates that facilitate wood drying and subsequent wood cracking will 
lead to greater copper release during precipitation. The wood drying and cracking hypothesis was 
tested and substantiated by additional laboratory-based MCA wood drying control experiments. 
Figure 2.4: a) Monthly Cu release (normalized to precipitation, mg Cu /cm precipitation) 
for pressure treated lumber weathered in Baltimore & Tempe. b) (Left hand y-axis) Mass 
of copper released (normalized to the surface area of the exposed surface (mg/m2)), 
measured at four weathering locations. Data are shown for small, medium, and large wood 



































































































































































































Triplicate large sized MCA wood samples that were heated to ~50 ⁰C and exposed to UVB for 
five weeks released six times the amount of copper (0.51 ± 0.06 mg Cu) as triplicate 
unheated/unexposed samples (0.08 ± 0.02 mg Cu) following three 10 second intervals of 
submersion in 400 mL of deionized water (Figure A.7). 
While in drier climates wood cracking may lead to higher copper release during a single 
precipitation event, the overall lack of precipitation in dry climates limits the total quantity of 
copper released over time spans (i.e. years) relevant to the product lifespan (Figure 2.4b). 
Following 18 months of weathering, MCA wood samples weathered in Golden, CO released the 
greatest total mass of copper normalized to initial top face surface area, ~3 mg/m2, following 77 
cm of total precipitation while samples weathered in Tempe, AZ released a total ~2 mg/m2 of 
copper following 28 cm of total precipitation. Baltimore, MD and Pittsburgh, PA experienced 
both similar precipitation totals (175 and 149 cm, respectively) and comparable copper release 
quantities (~1-1.5 mg/m2). This suggests that while contrasting wet and dry climates will lead to 
different patterns of copper release from MCA wood, a climate such as the one in Golden, CO 
(Dfb – snow, fully humid, warm summer) has the greatest propensity for spurring copper release 
from MCA wood. Likely, this is due to Golden’s climate having conditions in which the wood 
will become dry enough to crack and expose embedded copper but also experience enough 
precipitation to rinse away newly exposed copper.  








Baltimore, MD 3.8 0.10 (±0.02) 5.1 0.01 (± 0.01) 
Pittsburgh, PA 5.2 0.06 (± 0.01) 3.8 0.01 (± 0.01) 
Golden, CO 9.6 0.06 (± 0.01) 4.0 0.10 (± 0.01) 
Tempe, AZ 2.0 0.09 (± 0.02) 2.7 0.26 (± 0.08) 
Table 2.2. Comparison of Cu release, normalized to precipitation, during the first month of 
weathering and a single month of weathering with comparable precipitation amounts 16 – 18 
months later. Note: in “release” columns, parenthetical values are the calculated standard 
deviation from three sample replicates.  
–
months later. Note: in “release” columns, parenthetical values are the calculated standa
*Tempe, AZ month 16 & Golden, CO month 17 
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2.4.6  Characterizing the form of released copper 
SEM of sawdust from non-weathered samples was used to visualizes the form of copper 
present. Copper nanoparticles were found to be distributed in micron-sized clusters along the 
surface of sawdust fragments (Figure 2.5a); the presence of copper in these clusters was 
confirmed with EDX spectroscopy (Figure 2.5b).  By use of a small spot size (EDX procedural 
details given in Appendix A) the distribution of copper could be mapped (Figure 2.5c). Areas 
containing copper were shown to be associated with the observed copper clusters.  Due to the 
low concentration of copper present in the wood, however, very few sawdust particles were 
found to contain any copper at all and in fact, most imaged dust samples appeared smooth, 
featureless, and copper-free (Figure A.8).  
spICP-MS was utilized to directly and explicitly characterize the form of copper released 
from MCA wood samples. The underlying principle of spICP-MS is that if a particle is 
keV





























Figure 2.5: (a) SEM image of fragments released from pressure treated wood; the blown-
up region shows the region of one fragment that contains copper as demonstrated by the 
corresponding b) EDX spectroscopy and c) EDX copper map. 
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introduced into and ablated by the plasma, the resulting ions will be measured as a discrete pulse 
above the background signal,9 whose area is directly proportional to the particle mass.56 The 
absence of pulses in dilute samples is considered to be the result of a fully dissolved analyte. By 
directly measuring the mass of particles present in solution, spICP-MS permits sample analysis 
that successive filtration experiments cannot achieve – specifically, particle masses measured 
with spICP-MS can then be used to calculate particle size from a known particle density, as well 
as provide information on the number of copper-containing particles present in solution.  
Samples for spICP-MS analysis were prepared in the laboratory, so that leaching time be 
precisely controlled, and to avoid geochemical processes that could occur following release from 
naturally weathering bur prior to sample collection (up to one-month difference). Results from 
spICP-MS analysis of the MCA-wood leachate produced in lab following the brief submersion 
of GC wood in ultrapure water are shown in Figure 2.6. The raw spICP-MS data, Figure 2.6a-e, 
and the average copper concentration (and standard deviation) measured from triplicate leachate 
solutions are shown in Figure 2.6f. Immediately after removal of the MCA sample from solution, 
aliquots of the leachate solution was analyzed as follows: no filtration (Figure 2.6a), filtration 
through a 0.45μm filter (Figure 2.6b), and filtration through a 0.02μm filter (Figure 2.6c). The 
unfiltered solution appears to have many high intensity (> 1000 Cu counts) detection events – 
this indicates the presence of copper particles either as clusters bound to wood fragments or 
suspended freely in solution. Leachate filtration with either a 0.45 μm filter (Figure 2.6b) or 
0.02μm filter (Figure 2.6c) removed all high intensity pulses and resulted in an average measured 
signal of ~150 Cu counts and ~100 Cu counts, respectively.  The observed decrease in intensity 
of Cu counts following filtration indicates the presence of released copper nanoparticles greater 
than 450nm and 200nm in size. The copper that passed through the 0.02µm filter was considered 
dissolved although it is possible some particles less than 20nm were still present, but particles 
this small would not generate signal above the noise of the dissolved copper background.  
Integration of the measured copper signal was used to calculate copper mass remaining in 
solution following filtration and provided greater insight into the nature of released copper 
(Figure 2.6f). The measured copper concentration of the unfiltered copper release-submersion 
solution was 70 (+/- 9) µg L-1, while the 0.45μm and 0.02μm filtered solution was found to be 59 
(+/- 3) µg L-1and 27 (+/- 8) µg L-1, respectively (Figure 2.6f). Comparing these concentrations, it  
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Figure 2.6: (Top row) Single-particle inductively coupled plasma mass spectrometry (spICP-MS) data of copper released from 
wood samples as a result of soaking a copper block in water. Samples were analyzed after approximately 180 seconds of wood 
submersion in water and subjected to: a) no filtration, b) 0.45μm filtration, and c) 0.02μm filtration. (Bottom Row) spICP-MS data 
of unfiltered solutions analyzed after d) 24 hours and e) 4 weeks. f) Summary of Cu concentrations (µg L-1) in solution, measured 




becomes clear that while the unfiltered solution (Figure 2.6a) is dominated visually by high 
intensity pulses, copper removed by a 450 nm size filter composed just ~16% of all copper 
present in solution. From these measurements, it was determined that immediately after the 
MCA wood is exposed to water and copper is released, the plurality of copper present in 
solution, 45%, is between 20-450nm in size, with the remaining 39% of copper measured smaller 
than 20nm in size or dissolved.  
Shown in Figure 2.6d and Figure 2.6e are the spICP-MS data collected of the unfiltered 
MCA-wood leachate solutions after 24 hours and four weeks. The number of high intensity 
pulses decreased only slightly after 24 hours and to a much greater extent after four weeks. The 
measured copper concentration remaining in solution following filtration at these and longer time 
points indicates the copper form remained largely unchanged (Figure 2.6f). Specifically, the 
copper concentration measured in the leachate after 44 days of exposure and following no 
filtration, 0.45μm filtration, and 0.02μm filtration was found to be 50 (+/- 15) µg L-1, 50 (+/- 14) 
µg L-1, and 21 (+/- 6) µg L-1, respectively. The similarity in copper concentration measured 
before and after filtration through a 0.45μm filter does suggest some copper transformation (i.e. 
de-aggregation or dissolution) of larger copper nanoparticles.  More importantly, however, that 
the copper concentration present in solution following filtration with the 0.02μm filter remained 
constant and did not increase with increasing exposure time indicates that the copper 
nanoparticles released from the MCA wood are largely stable and resistant to dissolution for up 
to 44 days of continual exposure to water (Figure 2.6f, 0.02μm filter plot remaining constant in 
concentration over 44 days of exposure).   
Table 2.3. Size distribution of copper nanoparticles 
measured from unfiltered and filtered samples calculated 
from spICP-MS pulse data. Samples were collected 
following different periods of water immersion, ranging 
from 0 hours up to four weeks. 
 
Particle diameter (nm)  
unfiltered 0.45μm filter 
0 h 153 - 608 134 - 232 
24 h 152 - 591 136 - 217 




2.4.7  Improved particle size characterization with spICP-MS 
Assuming that the particle is copper carbonate, we can use the mass percentage of copper 
and its density to calculate a spherical particle diameter from measured copper mass in each 
pulse (See Appendix A Equation 2).56,57 The reality of the particles is likely more complicated 
than these calculations assume and thus the reported size is an estimate only.  This calculation 
was done (calibration curve shown in Figure A.9) for the unfiltered and 0.45μm filtered samples  
collected at exposure times of 0 hour, 24 hours, and 4 weeks, as summarized in Table 2.3. As 
seen in the right-hand column of Table 2.3, despite the filter being 0.45μm in size, the largest 
measured copper nanoparticle size for all three time points was on the order of 240 nm. That the 
particles were not nearer to the 450nm filter size suggests the released copper is associated with 
wood particles larger than 450nm in size and therefore removed by 0.45μm filtration. 
Additionally, the calculated particle size of the filtered leachate samples did not decrease with 
increasing water exposure time following release; this indicates that released copper 
nanoparticles less than 450nm in size are largely stable and will not readily dissolve once 
released. 
For unfiltered samples, following 0 hours, 24 hours, and 4 weeks of leachate exposure, 
spICP-MS detected released copper nanoparticles with sizes that spanned 150nm-600nm.  Given 
the broad nature of the size distribution it is likely that particles < 150nm are present but are not 
observed due to elevated copper background in the analysis (30-60 µg L-1). Additionally, due to 
possible transport inefficiency, undetected larger nanoparticles may also be present in solution. 
With that stated, however, spICP-MS clearly indicates the presence of copper nanoparticles up to 
600nm. These particles persist in solution for up to 6 weeks, as observed by both the largely 
constant copper size detected over 44 days of exposure as well as the constant concentration 
measured for the 0.02μm filtered samples (i.e. the dissolved copper concentration) following 44 
days of exposure (Figure 2.6f).  
From the filter studies, it is posited that when MCA wood is exposed to precipitation, 
nearly half of the initially released copper will be in particulate form between 20-450 nm in size 
with the next largest fraction of copper releasing as ions. spICP-MS determined that the largest 
size of released copper was found to be upwards of 600 nm. From the spICP-MS size 
calculations the majority of released undissolved copper is believed to be less than 240 nm in 
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size. However, with no observed free copper particles in SEM images and the removal of copper 
by 0.45µm filtration, larger copper nanoparticles (either as individual particles or aggregates) are 
likely associated/affixed to wood particles greater than 450 nm in size. These results taken 
together suggest that following copper release from MCA wood, particulate copper will remain 
relatively stable and persist in the environment, up to at least 6 weeks.  
2.4.8  End of life considerations for copper release 
To complement monthly copper release measurements, a toxicity characteristic leaching 
procedure (TCLP) was performed on medium-sized samples from each location to identify the 
extent to which weathering in various climates will impact copper release following MCA use 
and disposal to a landfill. As shown in Table 2.4, approximately 6.5 mg of copper was extracted 
from nonweathered medium MCA samples (error bars indicate standard deviation of extracted 
copper measured from triplicate samples). This corresponds to ~5.5% of total copper present in 
the wood sample, indicating that simulated landfill conditions generated during TCLP testing 
will only remove a small fraction of the copper present from a nonweathered MCA sample. This 
copper is believed most likely the readily available copper at or near the surface of the wood 
samples and not the copper within the interior/bulk of the wood.  
 Following weathering in Baltimore, Pittsburgh, Corvallis, and Golden, the amount of 
copper extracted following TCLP testing decreased only slightly from the nonweathered wood 
value of 6.5 mg to 3.1 (+/- 2.8) mg, 3.9 (+/- 1.8) mg , 5.4 (+/- 2.9) mg, and 5.3 (+/- 3.4) mg, 
respectively. Alternatively, samples weathered in Tempe released more copper following TCLP 
Table 2.4: TCLP (i.e. simulated landfill leaching) 
testing performed on triplicate medium sized wood 
samples before and after 18 months of weathering to 
assess copper release (mg) during the product’s end-
of-life phase.   
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testing, 10.9 (+/- 6.9) mg. These findings indicate that for most climates tested across the 
continental United States, the release of copper during weathering will only slowly deplete the 
amount of copper available to be released following MCA wood disposal to a landfill. For MCA 
wood weathered in a uniquely dry and hot climate (Figure A.2), such as Tempe, AZ, the 
macroscopic wood fracturing enabled greater access to copper embedded within the bulk of the 
wood and therefore led to an increase in the mass of copper leached following disposal. Overall, 
however, TCLP testing found that both nonweathered and weathered MCA wood is largely 
resistant to leaching extensive amounts of copper (< 10% of initially embedded Cu) in a landfill 
scenario. Following disposal into a landfill environment, like the one simulated, copper will 
remain in MCA wood for an extended period of time, with the potential to slowly but 
continuously leach copper into groundwater. A slow leach may have little to no impact on total 
copper concentrations in the surrounding environment.  
2.5  Implications for Life Cycle Assessment (LCA)  
A major motivation for this rooftop weathering design was to generate data for life cycle 
assessments, particularly focused on obtaining data from the use phase of nano-enabled 
materials.58 While copper nanoparticles are one of the ten most used nanoparticles in the world in 
terms of Global Flow (metric tons/year),59–61 relatively few studies have sought to explicitly 
quantify copper nanomaterial release from wood pressure treated with these nanoparticles. Given 
the importance of nanomaterial physicochemical properties on interactions in the environment, 
changes in form will influence the ultimate impact. For example, the form of copper, including 
ionic versus particulate has been shown to influence its toxicity.20,62–65 Information on the 
quantity and form of released substances (e.g. ions, nanoparticles) from nano-enabled products 
can be used to determine the potential human and ecological effects caused by exposure to these 
substances during the use and at end-of-life of the product.  
Life cycle assessment (LCA) is a systems-level tool used to assess the environmental and 
human health burden imposed by a product or process from raw material acquisition to EoL (ISO 
14040:2006 & ISO 14044:2006). The type of data presented here are used in the life cycle 
inventory (LCI), a compilation of resource flows into and out of the defined system, which is the 
basis for life cycle impact assessment (LCIA). The life cycle community has identified the lack 
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of information on emissions during product use and EoL as a factor that critically limits the 
comprehensive evaluation of environmental and human health burden of nano-enabled 
products.19,66–71 Further, emissions can be in different forms (e.g., ion, particle, complex, 
aggregate) than what was initially introduced into the product.  
Despite limited release data, LCA studies have in the past aimed to evaluate the impacts 
of copper released from wood.  While these seminal studies are informative, they also have high 
uncertainty due to the necessary assumptions and estimates of copper release during use phase 
and end-of-life in the absence of empirical data. Several comparative use-phase LCAs of various 
copper treatments for lumber derived have been conducted that include release of copper 
simulated under ‘worst case’ scenarios, including short term (14 days) water-based60 and 12-
week61  soil leaching data to account for the amount of copper released. Given the ubiquity of 
pressure-treated lumber in American construction, our study of the natural weathering of MCA 
treated wood adds valuable information on the amount and form of copper released in a long-
term study. The acquired data fill an important gap to enable cradle-to-grave assessment (i.e., 
inclusion of the use and EoL phases) with enhanced certainty.  
Another significant contribution of our study is the effect of regional climate on copper 
release from MCA wood. Importantly, the dependence on climate is contrary to the results of 
previous weathering analysis of nano-silver and carbon nanotube-enabled polymer composites in 
which the magnitude of release was found to be unrelated to weather patterns.13 This indicates 
the importance of the product matrix and embedding technology when accounting for ENP 
release.72 For an application like MCA treated wood, predicting the release of copper over the 
application life time requires information on future climate data, as extreme weather conditions 
can promote the amount of copper release. Geographic location is also a key factor in 
determining the potential effects of copper to the surrounding environment, as illustrated by the 
difference in ecotoxicity characterization factor (a measure of how much a unit of emission 
contributes to an impact category) of nano-copper derived for seventeen different subcontinental 
freshwaters.73 The data acquired herein enables the important consideration of geographical 
location by studying multiple  climates.  
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2.5.1  Summary  
Commercially available lumber, pressure treated with micronized copper azole (MCA 
wood) was weathered in five locations across the continental United States for 20 months. 
Rainwater runoff was collected on a monthly basis, as well as location specific weather data to 
examine the role of local climate in regulating the release of copper from MCA wood. 
Additionally, lab-based spICP-MS studies were carried out to characterize the form of copper 
released from MCA wood.   
While copper release from MCA wood is mainly driven by exposure to precipitation, 
other climate factors that impact physical properties of the wood (i.e. heat, sunlight, and the 
overall absence of moisture) play a large role in dictating the persistence and extent of copper 
release. Specifically, two patterns of release were observed in this study. First, in wetter climates 
that experienced great amounts of precipitation (Baltimore, MD and Pittsburgh, PA), the MCA 
wood remains largely intact (i.e. crack-free) and copper is released primarily from the surface or 
near surface region of the MCA wood. Following a year of weathering, copper was depleted 
from that outer region of the wood weathered in these locations and copper release abated. The 
second release pattern was observed in drier climates with less precipitation (Golden, CO and 
Tempe, AZ) in which the MCA wood dried and cracked, resulting in increased exposed surface 
area that facilitated sustained release of copper into the second year of weathering. Total copper 
release from the MCA wood samples weathered in Baltimore, MD, Pittsburgh, PA, Golden, CO, 
and Tempe, AZ was approximately 1 mg Cu/m2, 1.5 mg Cu/m2, 3 mg Cu/m2, and 2 mg Cu/m2, 
respectively, following 18 months of natural weathering. EoL TCLP testing found marginal 
difference in copper release from the weathered and nonweathered samples. This indicates that 
natural weathering during the use phase does not differentially influence the potential EoL 
impacts resulting from copper release to landfill.       
Laboratory based spICP-MS studies found that copper is released from MCA wood 
primarily in a particulate form that is 20 nm-450 nm (45%) and as dissolved/ particles smaller 
than 20 nm (40%). SEM imaging of nonweathered MCA wood samples leached in ultrapure 
water confirmed the presence of nanoparticulate copper affixed to the wood surface as large, 
micron sized aggregates. Following release, the form of copper is largely stable as there was no 
33 
 
evidence of dissolution of released particles following 6 weeks in solution (monitored by spICP-
MS).  
In addition to characterizing release from MCA-treated wood under natural weathering 
conditions, quantifying the amount and rates of copper release for the first time, the data 
collected can be used for a cradle-to-grave LCA. The data importantly enable inclusion of the 
use and EoL stages, which are largely absent from current LCA studies of nano-enabled products 
due to lack of available data. Further, the quantification across four unique climate conditions 
over 18 months allows for spatiotemporal consideration and the potential for differential 
environmental burdens to emerge based on where the wood is used.  The results for the 
experiments in arid climates highlight that initial release rates may not reflect the long-term 
behavior of nano-enabled materials, a consequence of product weathering.   The often-made 
assumption that nanoparticle copper readily dissolves was also challenged by the results, with the 
observation that incorporation into wood particles may protect copper nanoparticles from rapid 
dissolution. 
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CHAPTER 3  
TOXICITY OF COPPER IN LEACHATE FROM MICRONIZED COPPER AZOLE 
TREATED WOOD TO DAPHNIA MAGNA AND IMPLICATIONS FOR THE 
PROTECTIVE EFFECT OF DISSOLVED ORGANIC CARBON 
In preparation for submission to Environmental Toxicology and Chemistry in June 2020 
By Katie Challis*9, Joseph Meyer**10, Grant Engberson^9, Ronald Lankone^^11, D. Howard 
Fairbrother11, and James Ranville9 
3.1  Abstract 
Micronized copper azole (MCA) treated lumber is currently a large part of the treated 
lumber market and is intended for outdoor use.  MCA has been shown to release copper under 
weathering conditions.  However, little is known about the effect of the lumbers co-released 
dissolved organic carbon (DOC) on copper toxicity to aquatic species. The toxicity of copper in 
MCA leachate to Daphnia magna, and the protective effects of wood-derived DOC, was 
compared to Suwanee River Fulvic Acid and ionic copper in 48hr acute toxicity tests.  Results 
suggest copper released from lumber is to the same as dissolved copper in its toxicity to D. 
magna, but the protectiveness of wood-derived DOC is approximately 40% as much as the 
environmentally sourced DOC (SRFA). Ultra-violet absorption and fluorescence measurements 
indicated less aromatic character for wood-derived DOC in comparison to SRFA, resulting in 
lower copper binding affinity. The allochthonous sources of SRFA are more diverse than that for 
wood DOC, which likely explains lower ability of the wood DOC in providing protection against 
copper toxicity. 
 
*First Author. Designed and assisted with exposures, performed modeling and wrote paper. 
**Guidance in data interpretation and analysis as well as comprehensive editing of multiple paper 
drafts 
^Assisted with laboratory analysis 
^^ Provided lumber and involved in initial experiment design 
9 Colorado School of Mines, Department of Chemistry, Golden, CO 80401, USA 
10 Applied Limnology Professionals LLC, Golden, CO 80401, USA 
11 Johns Hopkins University, Department of Chemistry, Baltimore, MD 21218, USA 
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3.2  Introduction 
Copper is toxic to aquatic and terrestrial organisms, 74 especially to aquatic invertebrates 
(e.g., the cladocerans Ceriodaphnia dubia and Daphnia magna; USEPA, 2007). Therefore, the 
use of pressurized micronized copper azole (MCA), a common pre-consumer lumber treatment 
intended to prevent fungal growth and extend product life, may be cause for concern in terms of 
potential copper toxicity. In 2014, 80% of commercially available treated lumber in the USA was 
MCA-treated and is used in outdoor decking, fencing, and dock structures.29  In MCA treatment, 
lumber is pressure-impregnated with a mixture of ball-milled copper carbonate (Cu2CO3 (OH)2 ), 
often described as nano-copper, and an organic azole fungicide, often tebuconazole 
(C16H22ClN3O).49  Use of a particulate form of copper is in part to slow the release of Cu from 
the wood and thus extend the period of its anti-fungal activity.29  A few alternative treatments 
use soluble Cu salts; however, high concentrations of Cu released from wood leachate cause 
electrolytic decay of metal fasteners used in installation of the wood.31 
 In terms of potential toxicity, the toxicity of Cu in aquatic environments depends on 
water chemistry as well as on total Cu concentration. Important water chemistry parameters in 
fresh water are pH, hardness, alkalinity, and of particular importance, DOC.21,75 Currently, the 
USEPA allows Cu to be regulated in fresh waters based on site-specific water chemistry, through 
a toxicity calculation using the Biotic Ligand Model.21,76 In the BLM approach, toxicity is 
directly related to the amount of metal bound to sites of toxic action on or in an organism (i.e., at 
biotic ligands).76 DOC ameliorates toxicity mainly by binding dissolved Cu (i.e., it acts as a 
ligand), thereby decreasing its bioavailability.75 
    Parks et al.45 investigated Cu release from both nano-Cu (MCA) and Cu-salt-treated 
wood that was submerged in water for 133 d. Copper was released from both the nano-Cu and 
Cu-salt treatments, and estuarine conditions were more favorable to leaching Cu than either 
deionized water or marine environments. They also reported concurrent release of dissolved 
organic carbon (DOC) from the wood.   
The US Environmental Protection Agency (USEPA) conducted an in-depth study of the 
materials release potential.29 The experiments compared two MCA treatments, an aqueous 
copper treatment, and untreated wood in short term (≤72hr) leach tests. In submerged wooden 
block and sawdust leach tests, the aqueous Cu treatment released more copper than either MCA 
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treatment, but no copper release was detected from the untreated wood submersion. Filtration 
studies of the leachate found that most of the released Cu was in the dissolved form (i.e. >95% 
passed through a 10 kDa filter). The work did not include any toxicity testing, although it was 
recognized as important.  
Exposure to intermittent wetting also causes copper and dissolved organic carbon (DOC) 
to leach from MCA-treated lumber during weathering;77 however, no one has yet investigated the 
aquatic toxicity of the Cu-DOC leachate.  In Chapter 2 we reported leaching of Cu from MCA-
treated lumber that was exposed to outdoor weathering conditions over 24 months at sites in five 
regions across the USA.77  The amount and timing of the copper release depended on the climate 
to which the wood was exposed.  Wood-derived DOC (W-DOC) also leached into rainwater (21-
84 mg DOC L-1, resulting in Cu:DOC mass ratios of 0.010-0.310 in the leachate (Table 1).  
Rainfall amount and overall moisture were the dominant controlling parameters.77   
The chemical characteristics of DOC are important in modifying Cu toxicity.75  DOC is a 
complex mixture of a variety of chemicals, including large, heterogenous molecules that differ in 
chemical form and molecular weight, both of which are influenced by source.  DOC in natural 
waters, which is composed primarily of humic and fulvic acid, is often categorized as being 
allochthonous (from watershed soils) and autochthonous (formed by aquatic species within the 
water column).78  In contrast, W-DOC has a more specific source (i.e., wood) that is composed 
of a narrower group of organic chemicals (e.g., lignin, cellulose, and hemicellulose).79 Thus the 
W-DOC that results from a wood source might provide different protection against Cu toxicity 
than natural water humic and fulvic acids mixtures.  Relating DOC characteristics to the 
protection of DOC against Cu toxicity remains an underexplored challenge, involving 
investigation of spectroscopic characteristics, metal-binding capacity, and DOC concentration. 
In the current study we examined the effect of differently sourced DOC on the toxicity of 
copper to D. magna in moderately hard laboratory water.  We also investigated the chemical 
characteristics of W-DOC via measurements of UV-Vis absorbance and excitation emission 
matrixes (EEMs).  From these data we calculated spectral indices including Specific UV 
Absorbance (SUVA) and Fluorescence Index (FI), which we then related to toxicity modification 
by the DOC.  The BLM was used to predict Cu toxicity in all four types of exposure water.  
Because Cu speciation in the BLM is based in part on Cu-binding by fulvic acids as represented 
37 
 
by SRFA, we expected the BLM to accurately predict Cu toxicity in the laboratory waters with 
and without SRFA.  In contrast, because W-DOC differs in characteristics from SRFA, we 
expected the ameliorative effect of W-DOC on Cu toxicity would differ from BLM predictions. 
3.3  Materials and Methods 
We purchased MCA-treated lumber, designated for above-ground use, from a building 
materials store in Baltimore, Maryland, USA.  The supplier was YellaWood®, which lists 
Koppers MCA (MicroPro®) as the manufacture of the MCA-treatment solution. Koppers MCA 
contains Cu2CO3 (OH)2  and tebuconazole (CAS # 107534-96-3) at a Cu: tebuconazole mass 
ratio of 25:1.49  This treatment is approved for a small variety of pine heartwoods and sapwood.49  
Non-treated wood was purchased to provide Cu-free DOC leachate for control experiments. 
To generate sawdust for leaching of Cu and DOC, multiple slices of MCA-treated or 
control wood were made with a table saw, and sawdust was captured in a new, clean 2-gallon 
polyethylene bag with a zipping closure.  The sawdust from the first few slices was not collected, 
to avoid cross-contamination with residual sawdust from previous use of the saw.  The control 
sawdust was leached in a 5-L plastic (High-density polyethylene -HDPE)  bottle using USEPA 
moderately hard reconstituted water (MHRW; USEPA, 2002).  Approximately 2 L of loose 
sawdust was first transferred into the bottle, which was then filled to 4.5 L final volume with 
MHRW.  The leaching suspension sat at room temperature for 9 d and then was vacuum-filtered 
through a 0.45-m membrane filter (Millipore Durapore® HVLP, Merck, Darmstadt, Germany).  
The MCA sawdust was leached by adding approximately 20 mL of loose sawdust into a 50mL 
polypropylene vial and adding water to the 50mL mark (Corning™ Falcon Tubes). Two 
replicates of ultra-pure water (MilliQ) leaches of MCA-treated sawdust were performed.  
These MCA-wood leachates were then filtered through 0.45-m nylon syringe filters (Ahlstrom, 
Bärenstein, Germany) prior to analysis or dilution. 
3.3.1  Toxicity Tests 
Static, non-renewal acute lethality tests were conducted for 48 h with D. magna neonates 
(<24 h old; purchased from Aquatic BioSystems, Inc., Fort Collins, Colorado, USA), following 
USEPA-recommended procedures.80  The test chambers were 45mL polystyrene cups containing 
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25mL of exposure water.  Tests were conducted in an incubator (Sheldon Manufacturing, 
Cornelius, OR for VWR) maintained at 20°C with a 16h light 8h dark lighting regime.  The 
toxicity endpoint was immobilization (a standard surrogate for death in D. magna) monitored at 
24 and 48 h.80  
The organisms were exposed to Cu in four different exposure waters: (1) MHRW with no 
added DOC, (2) MHRW with DOC added as SRFA (International Humic Substances Society, 
University of Minnesota, Minneapolis, Minnesota, USA), (3) MHRW with W-DOC added as 
leachate from control wood, and (4) MHRW with W-DOC added as leachate from MCA-treated 
wood (and supplemented with W-DOC from control wood, as needed; see below).  In all 
treatments for exposure waters two, three, and four, the target DOC concentration was three mg 
L-1. For these three waters, variable copper concentrations were achieved by adding Cu (ICP-MS 
standard in nitric acid; ARISTAR, BDH, VWR Analytical, Radnor, PA, USA) to achieve total 
dissolved concentrations ranging from 0 to ~100 gL-1.    However, for exposure water four, 
variable copper concentrations were obtained by diluting the MCA leachate with MHRW.  If the 
MHRW used for dilution did not contain DOC, the leachates from MCA-treated wood would 
have contained variable DOC concentrations, all less than three mg DOC L-1.  Therefore, we 
added W-DOC from the control-wood leachate to reach a constant total of three mg DOC L-1 
(i.e., 0.7-2.54 mL of control-wood leachate was added to 3.98-0.8 mL of leachate from MCA-
treated wood and then brought to 300 mL with MHRW). A no added-Cu treatment was the 
control for exposure waters one, two and three.  It was not possible for exposure water four to 
have its own control, due to the fact the leachate from MCA-treated wood contained Cu that 
concurrently leached from the wood.  We used the W-DOC control (exposure water three) for 
exposure water four using the assumption that, except for copper and tebuconazole (its 
significance is discussed below), the two types of wood leachate had similar compositions. 
Dissolved oxygen (YSI Incorporated, Yellow Springs, OH), pH (Orion Ross Ultra probe 
with Orion 2 Star benchtop meter, ThermoScientific), temperature and conductivity (Thermo 
Orion Star A222) were taken at the start of the test and at the 24 and 48hr time points.  Alkalinity 
was measured in the MHRW used to make the exposure solutions and in all exposure waters at 
the conclusion of the exposure with a bromocresol green/methyl red titration using sulfuric acid 
as the titrant (HACH kit, Loveland, CO, USA).  
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3.3.2  Chemical Analysis and DOC Characterization 
Concentrations of 33 major and trace elements in the leachates were determined by 
inductively coupled plasma-optical emission spectroscopy (ICP-OES; Optima 5300, 
PerkinElmer, Waltham, MA, USA), approximately following USEPA method 200.7, a few 
metals, such as silver and mercury were excluded from the analysis, but sulfur, lanthanum, a 
second line of magnesium, and yttrium, were added into the analysis .81  After 2-point calibration 
(AccuStandard QCS 01-5, HPS (formerly High-Purity Standards) QCS-7-M, 10M54-5), 
continuing calibration verification check solutions (CCV: High Purity Standards Continuing 
Check Verification Standard 1 Solution A and B) were measured after every 10 samples to 
monitor instrument performance.  If the analytes of interest (in this case Cu and other BLM 
inputs) was not within ± 15% of the CCV value, the instrument was re-calibrated and the 
samples re-run.  Samples were reanalyzed by ICP-MS (NexION 300D, PerkinElmer, Waltham, 
MA, USA) to determine Cu concentrations that were below the ICP-OES detection limit (1.1 g 
L-1).  A five-point calibration curve ranging from 0.1 to 500 g Cu L-1 in 2% nitric acid was used 
to calibrate the ICP-MS.  All samples were acidified (pH < 2) with trace-metal-grade nitric acid 
(Fisher Chemical) before analysis by either instrument. 
Dissolved organic carbon concentrations were quantified using a Total Organic Carbon 
Analyzer Model TOC-LCSH (Shimadzu Corporation, Kyoto, Japan).  The analysis was 
performed following acidification with concentrated sulfuric acid (Omnitrace®, EMD 
Chemicals, Gibbstown, NJ, USA) to a pH less than three.  Calibration between 0.2-100 mg L-1 
DOC was performed with potassium hydrogen phthalate standards (Sigma-Aldrich, St. Louis, 
MO, USA) The instrumental limit of quantification was 0.17 mg DOC L-1. 
Ultraviolet/Visible (UV/Vis) absorbance scans from 200 to 800 nm wavelength were 
performed on all DOC types (control wood leachate, MCA-treated wood leachate, and SRFA) at 
a concentration of three mg DOC L-1 using a DU800 spectrophotometer (Beckman Coulter, 
Brea, California, USA) with a 1-cm pathlength.  Excitation-emission matrices (EEMs) of the 
same DOC-containing waters were generated with an Aqualog Spectrofluorometer (Horba 
Scientific, Kyoto, Japan).  Excitation wavelengths ranged from 240 to 450nm, and emission 
wavelengths ranged from 250 to 600 nm.  
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3.3.3  SEM Imaging and Elemental Composition 
Scanning electron microscope (SEM) imaging of small slices of MCA wood (<3 cm x 
<3cm x ~2 mm) was performed under low vacuum (0.98 torr) using a FEI Quanta 600 
(ThermoFisher Scientific, Hillsboro, OR, USA) with a tungsten cathode.  A voltage of 20 kV 
was applied, and imaging data were collected in back-scatter mode. Elemental composition of 
observed particles was determined using energy-dispersive x-ray (EDX) spectra. 
3.3.4  Data Analyses 
DOC spectral and fluorescence indices were calculated from the UV-Vis absorbance and 
fluorescence spectra (see section 3.3.2).  Specific ultraviolet absorbance (SUVA) was calculated 
at 254 nm using Eq. 3.1: 
𝑆𝑈𝑉𝐴 = 𝐴254 𝑙⁄𝐷𝑂𝐶  
where A is absorbance, l is pathlength (m), and DOC is dissolved organic carbon in mg L-1 
giving SUVA in L mg-1 m-1. Specific ultraviolet absorbance at 254nm (SUVA254) is a commonly 
used wavelength to approximate the content of UV adsorbing structures in organic carbon. It is 
thought to be correlated with the amount of aromatic rings in the DOC.82,83  Specific absorbance 
coefficient (SACλ) at 340 and 350 were similarly calculated with Eq. 3.2: 
𝑆𝐴𝐶 = (2.303 × 𝐴𝜆 𝑙⁄ )𝐷𝑂𝐶  
Both SAC340 and SAC350  have also been indicated as measures of aromaticity.84 An 
additional spectroscopic parameter, the ratio of absorbances at 254nm to 365nm, is used estimate 
relative molecular weights of the DOC structures, with lower values indicating lower average 
molecular weights.83,85 Fluorescence Index (FI) is the ratio of the emission wavelengths 
450nm/500nm at an excitation wavelength of 370nm. McKnight et al. proposed that FI may be 
applied an indicator of DOC source, distinguishing between primarily allochthonous versus 
autochthonous sources for a particular natural water.86  
The 48-h median effect concentrations (EC50 values) and their standard errors for D. 
magna immobilization were calculated from the concentration-response data for each of the four 





(OriginLab Corporation, Northampton, MA, USA).  We conducted pairwise comparisons among 
the EC50 values for all four exposure-water types at the 95% family confidence level.  For each 
of the 6 possible pairwise comparisons, we calculated the observed t value using the approach of 
Sokal and Rohlf.87 
The resulting value was then tested for statistical significance by comparison to the 
critical t-value calculated using the Bonferroni correction.88  For the six pairwise comparisons we 
conducted, the  value (i.e., the Type I error probability) for each comparison was 0.00833 (= 
0.05/6), which maintained the family-level  value of 0.05.  The critical t value was then 
calculated using the Microsoft Excel function T.INV.2T, based on the sample sizes in the two 
exposure-water types included in the pairwise comparison.  In the toxicity tests we conducted, 
the sample size was either six or seven (Figure 3.3 and Table B.2; i.e., d.f. = 10 or 11 for the 
pairwise comparisons). 
The Windward Environmental BLM Version 3.41.2.45 
(https://www.windwardenv.com/biotic-ligand-model/) was used to predict Cu EC50 values for 
each of the four exposure-water types, based on inputs of measured temperature, pH, alkalinity, 
and concentrations of Ca, Mg, Na, K, Cl, SO4, and DOC, and default values of 10% humic acid.  
The model requires input of a value for sulfide(S2-), and since sulfide was not present in the 
system, a minimal value of 1x10-10 mg L-1 was used. In some cases, pH measurements were 
considered unreliable, due to unacceptable pH-probe performance. It was also the case that at 
some of the high copper concentrations alkalinity was reduced using an acidified copper standard 
as a spiking solution. Visual MINTEQ was used to compute pH and alkalinity (also measured by 
titration), the procedures being detailed in Appendix B. Close agreement between the Visual 
MINTEQ-calculated alkalinities and the measured alkalinities suggest the predicted pH were 
similarly a good estimate of the actual pH.   
Our goal was to compare the protectiveness of W-DOC to SRFA, the latter being the 
DOC most like that for which the BLM was parametrized. To improve our comparison of DOCs 
for D. magna, we first calibrated the BLM to the sensitivity of the strain of D. magna used in 
these Cu toxicity tests, by iteratively adjusting the Cu sensitivity parameter in the .DAT file until 
the BLM-predicted EC50 for Cu in the SRFA model equaled the observed EC50.  This step 
assumes that SRFA is a good composite representative of the various forms of DOC in the 
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toxicity tests used to parameterize the Cu BLM. The requirement to make an adjustment in the 
exposure arises from strain differences in D. magna and as the major explanation for the 
difference between the observed and BLM-predicted Cu EC50 values in SRFA-containing water.  
Then we used the modified BLM to predict the Cu EC50 values for the other three exposure-
water types. We then adjusted the input DOC until the BLM-predicted EC50s equaled the 
observed EC50 values.  This always required a lower DOC concentration than used (see section 
3.4.4).  The matching of EC50 values by adjusted DOC, which are usually presented as solution 
concentration (mg L-1), was conducted in biotic-ligand space (i.e. in terms of tissue 
concentration, moles/gram wet weight).  This procedure involved: (1) converting all dissolved 
Cu concentrations to BLM-predicted Cu accumulations at the biotic ligand and then (2) 
constructing concentration-response curves of mortality versus BLM-predicted Cu accumulation 
for each exposure-water type.  This allowed us to calculate the apparent percentage of the DOC 
that was active at binding Cu, similar to the approach of calculating the “percent active fulvic 
acid” in De Schamphelaere et al.89 
3.4  Results and Discussion 
3.4.1  MCA in Treated Wood 
In backscatter SEM images of MCA-treated wood, particulate Cu was present as 
concentrated “patches” on the surface, as confirmed by energy-dispersive x-ray spectrometry 
(EDX; Figure 3.1), and not as homogenously dispersed copper.  The imaged surface was a 
sawcut face of the wood, implying that the patches of copper were internalized into the wood and 
are not just found at the external surface of the lumber. This could suggest that copper will be 
leached out of MCA pressure-treated wood for considerable time, as the subsurface copper may 
not be leached out easily, in contrast to other superficial copper treatments.  
3.4.2  Composition of Wood Leachates 
Deionized-water leachate from the MCA-treated wood contained an average of 173 mg 
DOC L-1, and 5.65 mg Cu L-1. Thus, considerable amounts of DOC are co-leached with Cu from 
MCA-treated wood, at concentrations several orders of magnitude higher than the 0.5 to 5 mg 
DOC L-1 in typical fresh waters.78  Consequently, the potential toxicity of the high Cu 
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concentration in the leachate from MCA-treated wood might be modified by the co-leached 
DOC.  Additionally, the similar DOC concentration leached from control wood suggests MCA 
treatment does not greatly affect DOC leachability. While the tree species for each lumber 
sample was not documented, it is believed to be a fir in both cases. 
Other trace elements were detected in the leachate from MCA-treated wood, at 
concentrations 1 to 2 orders of magnitude lower than Cu (Table B.1).  The detection of As and 
Cr is interesting because those elements were part of the green-wood “Chromated Copper 
Arsenate” treatment that is no longer used in residential areas but is still produced for 
commercial use.29  This may represent some carry-over of reagents in the equipment used for 
treatment of both commercial and residential-use lumber.  Despite their potential carry-over, the 
Figure 3.1 Scanning electron microscopy (SEM) image of MCA-treated wood. 
The bright area in the center is Cu, based on energy dispersive x-ray (EDX) 
spectra. Other particles appeared to be various chloride salts  
44 
 
concentrations of As (~1.3-6.7 g L-1) and Cr (~0.8-4.1 g L-1) in the leachates are unlikely to 
have been toxic to the D. magna at their dilutions in the toxicity tests (EC50s of approximately  
3.51 mg Asv L-1 and 1.91 mg AsIII L-1,90 or 2.4-2.7 mg As L-1, 91 and 2-58 mg CrIII L-1  or 6.4 mg 
CrVI L-1.92 
To place these in-laboratory leaching results in perspective, we compare to the outdoor-
weathering results reported in Chapter 2,77 where samples of the same MCA-treated wood was 
used at five different locations across the USA (in Arizona, Colorado, Oregon, Maryland and 
Pennsylvania) in weathering experiments performed on rooftops over a period of 24 months.  
Precipitation water that flowed over the wood was collected in acid-washed glass jars, and water 
samples were retrieved monthly for analysis of Cu release.  During the 17th month of 
weathering, DOC release was also measured (Table 3.1).  In locations with hot, dry climates 
(Arizona and Colorado), the waters collected in the weathering jars (Figure B.1) were yellower 
than in control jars containing no wood; however, the yellow color was not visible at the other 
locations.  In wood leachate waters at all five sites, DOC was measurable at volume-weighted 
concentrations ranging from 21 to 84 mg L-1 (Table 3.1), which is approximately 2- to 8-fold less 
than the DOC concentrations in the sawdust leachates generated in the current laboratory study 
(173 mg DOC L-1).  In contrast, the Cu concentration leached from MCA-treated wood in the 
laboratory in the current study (5.65 mg L-1) was at the upper end of the volume-weighted Cu 
concentrations in water collected at the five weathering sites (0.27-6.48 mg L-1; Table 3.1).  
However, the Cu: DOC mass ratio of 0.037 in the laboratory leachates were within the range of 
Table 3.1.  Mass of dissolved organic carbon (DOC) and Cu leached from MCA-treated wood 
by rainwater contacting the wood, in a 24-month rooftop weathering study conducted at five 
locations across the USA (Lankone et al., 2019).  These results are for a 31- d period during 


















Arizona 0.198 6.73  0.493 34.0 2490 0.073 
Colorado 0.180 15.13  0.566 84.2 3150 0.037 
Maryland 0.822 21.96  0.219 26.7 266 0.010 
Oregon  0.021 0.433  0.134 20.9 6480 0.310 
Pennsylvania  0.344 9.24  0.146 26.8 425 0.016 
 








Cu: DOC mass ratios in water collected at the five weathering sites (0.010-0.310; Table 3.1), 
indicating that the co-leaching of Cu and DOC in the laboratory gave leachates that are 
comparable to outdoor weathering of MCA-treated wood.  
3.4.3  Acute Toxicity Tests 
Results of chemical analyses of the waters in all treatments used in the toxicity tests with 
the four exposure-water types are listed in Table S2, in BLM input-spreadsheet format. Copper 
concentrations in the three control waters ranged from 0.27 to 0.74 g L-1, and control survival 
always exceeded 95%.  The DOC concentration in MHRW was 0.74 mg L-1, whereas the DOC 
concentrations in the three other exposure-water types ranged from 2.65 to 3.13 mg L-1.  Average 
water hardness was 90 mg L-1 as CaCO3, and the alkalinity ranged from 26.4 to 52.4 mg L-1 as 
CaCO3.  Alkalinity decreased in treatments that contained high Cu concentrations, a result of the 
addition of Cu as an ICP standard in nitric acid. For example, for concentrations around 40- 45 
µg Cu L-1 resulted in shifts of ~18% (i.e. 50 mg L-1 CaCO3 decreased to 42 mg L-1 CaCO3).  
Alkalinity measurements were entered into the BLM and is accounted for in the water chemistry 
calculations but will not impact the copper bound to the biotic ligand. 
Copper was most toxic to D. magna neonates in MHRW without added DOC, at a 48-h 
EC50 of 17 g Cu L-1 (Table 3.2 and Figure 3.2).  In contrast, the MHRW containing SRFA (i.e., 
with surface-water DOC) provided the greatest protection against Cu toxicity, with a 48-h EC50 
of 66 g Cu L-1 (i.e., nearly a 4-fold decrease in Cu toxicity compared to the MHRW-only 
exposure water).  The leachates from the control wood and the MCA-treated wood, which was 
supplemented with DOC leached from untreated wood to maintain 3 mg DOC L-1 in all six 
treatments, both had a 48-h EC 50 of 25µg Cu L-1.  The EC50 values for those latter two 
exposure-water types was found to be statistically different from the EC50 values for both the 
MHRW-only exposure water and the MHRW plus SRFA exposure waters, which also differed 
from each other (Table 3.2).  
We conclude that copper was the only toxicant in our exposure waters, and tebuconazole 
leached from MCA-treated wood did not contribute to the toxicity. Although we did not analyze 
the tebuconazole concentrations in our exposure waters, we can estimate the tebuconazole 
concentrations in the exposure waters from MCA-treated wood by using the Cu: tebuconazole 
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mass ratio of 25:1 reported by the manufacturer of the MCA powder. Assuming Cu and 
tebuconazole were impregnated into and then leached from the wood at that 25:1 mass ratio, the 
tebuconazole concentration in the highest concentration MCA-leachate treatment would have 
been approximately 3 g L-1. The 48-h EC50 of tebuconazole to D. magna neonates is 4 mg L-
1.93 which is 3 orders of magnitude higher than the stoichiometrically-estimated highest 
tebuconazole concentration in our toxicity tests. To achieve possibly lethal concentrations of 
Figure 3.2. Concentration-response curves for immobilization of Daphnia magna neonates 
exposed to Cu for 48 h in four exposure-water types.  MHRW = moderately hard 
reconstituted water (USEPA, 2002); Untreated = leachate from untreated-wood sawdust; 
MCA-treated = mixture of leachates from MCA-treated wood and from untreated wood, in 
various ratios to achieve desired Cu concentration while maintaining a DOC concentration of 
3 mgL-1 in all treatments; SRFA = MHRW water containing a DOC concentration of 3 mgL-
1 added as Suwannee River fulvic acid.  Different capital letters beside the curves indicate 
statistically significant differences in pairwise comparisons of the EC50 values (p < 0.05 for 
the family of comparisons). 
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tebuconazole, all the DOC in the exposure waters containing MCA-treated leachate would have 
had to be from tebuconazole (i.e., 3 mg DOC/L at 66% carbon by mass in tebuconazole would 
result in 4.5 mg tebuconazole/L). Given that DOC also would have leached from MCA-treated 
wood, like the control wood, an acutely lethal concentration of tebuconazole was unlikely in 
those exposure waters.  Thus, tebuconazole likely did not contribute to 48-h lethality of the MCA 
leachate. 
We also conclude that the toxicity of the copper in the leachate from MCA-treated wood 
did not differ from the toxicity of the Cu(NO3)2 added to all other exposure waters. This 
conclusion is based on identical LC50s (expressed as mg Cu/L) in the MCA-treated leachate and 
the control-wood leachate, with the assumptions that (1) no toxicity was contributed by 
tebuconazole leached from the MCA-treated wood (see previous paragraph), and (2) DOC 
leached from control and MCA-treated wood were similar. This latter assumption is based on the 
similarity of the W-DOC EEMs (Figure 3.6 C & D) and the W-DOC spectral values of the 
SUVA, SAC340, and SAC350 being much more similar to one another than to SRFA DOC (Table 
3.3).  Thus, because the LC50s of the control-wood leachate and the MCA-treated leachate were 
equal when expressed as mg Cu/L, the toxicity of copper in the MCA-treated leachate (whether 
present as micronized copper particles, dissolved copper, or a mixture) likely did not differ from 
the toxicity of the inorganic copper added to the control-wood leachate. We conclude that the W-
DOC was not as protective as surface water-derived DOC (SRFA), because the Cu EC50 in 
water containing W-DOC was significantly less than the Cu EC50 in water containing SRFA at 
the same 3 mg DOC L-1 concentration.  Thus, it appears that W-DOC has a lower affinity and/or 
site density for binding Cu than SRFA DOC.  However, W-DOC still provides a small amount of 
protection against Cu toxicity, because the Cu EC50 in water containing W-DOC was 
significantly higher than in MHRW without added DOC. 
3.4.4  Biotic Ligand Modeling 
When using the default parameters of the BLM to predict the Cu EC50 in MHRW that 
contained SRFA, the BLM-predicted EC50 was 58.2 g Cu L-1.  However, the observed EC50 
was 65.7 g Cu L-1.  Iteratively adjusting the critical Cu accumulation from the default of 
0.035846 nmol Cu/g wet weight to a new value of 0.0445 nmol Cu/g wet weight resulted in 
48 
 
agreement between the observed and BLM-predicted EC50 values (Table 3.2).  This adjustment 
was made to account for the copper sensitivity of the specific brood of D. magna obtained from 
ABS for this experiment.   
With this adjusted critical Cu accumulation on the D. magna, the BLM predicted the Cu 
EC50 in MHRW, containing no added DOC, to be 16.7 g Cu L-1. This was a close match to the   
observed value of 17.1 g Cu L-1 observed (Table 3.2), further justifying the sensitivity 
adjustment made using the SRFA-containing MHRW. In contrast, the BLM with the adjusted 
critical Cu accumulation overpredicted the Cu EC50s in the control-wood leachate and in the 
MCA-treated-wood leachate by approximately 2.6-fold (67 g Cu L-1 predicted vs. 25 g Cu 
L-1 observed; Table 3.2).  Thus, assuming the DOC has protectiveness of SRFA DOC, as the 
Table 3.2.  Median effect concentrations (EC50 values) for immobilization of Daphnia magna 
neonates exposed to Cu for 48 h in four exposure-water types, EC50 values predicted by the 
Windward Biotic Ligand Model (BLM Version 3.41.2.15) using the observed and effective 
DOC concentrations, and calculated percentages of effective dissolved organic carbon 
(DOC). 
   
BLM-predicted EC50 






















MHRW 17.1A   (0.45, 6) 0.72 16.7 16.4 0.705 98 
Untreated 25.3B  (0.70, 6) 3.04 67.2 23.1 1.03 34 
MCA-
treated 
25.4B  (0.67, 7) 2.81 66.7 24.2 1.00 36 
SRFA 65.7C  (3.58, 6) 3.13 65.6 65.6 3.13 100 
a MHRW = moderately hard reconstituted water (USEPA, 2002); Untreated = leachate from 
untreated-wood sawdust; MCA-treated = mixture of leachates from MCA-treated wood and from 
untreated wood, in various ratios to achieve desired Cu concentration while maintaining a DOC 
concentration of 3 mg L-1 in all treatments; SRFA = MHRW water containing a DOC concentration 
of 3 mg L-1 added as Suwannee River fulvic acid. 
b Standard error and number of treatments in parentheses.  Different superscript capital letters 
indicate statistically significant differences in pairwise comparisons of the EC50 values (p < 0.05 
for the family of comparisons). 
c DOC concentration needed to have the BLM-predicted EC50 equal the observed EC50. 
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BLM does, against Cu toxicity considerably over-predicted the protectiveness of W-DOC.  
Stated alternatively, the adjusted BLM predicted less accumulation of Cu on the biotic ligand at 
50% mortality in the exposure waters that contained W-DOC than in the exposure water that 
contained SRFA or no added DOC, based on BLM speciation results (Figure 3.3A). The 
differences in predicted Cu accumulation is in violation of the BLM assumption, that the amount 
of metal on the biotic ligand at 50% mortality is constant, regardless of water chemistry.  A 
possible interpretation for the differences in protectiveness against Cu toxicity between the W-
DOC and SRFA DOC is that the W-DOC had a lower affinity and/or lower binding-site density 
for Cu than SRFA DOC.  Analogous to the approach adopted by De Schamphelaere et al.,89 we 
Figure 3.3. The effect of adjusting the input DOC concentration on the position of the 
concentration-response curves for immobilization of Daphnia magna neonates exposed to Cu 
for 48 h in four exposure-water types, with Cu accumulated on the Biotic Ligand predicted by 
the Windward Biotic Ligand Model (BLM Version 3.41.2.45).  BL-accumulated Cu was 
calculated using (A) the observed DOC concentrations or (B) the effective DOC concentrations 
listed in Table 2.  MHRW = moderately hard reconstituted water (USEPA, 2002); Untreated = 
leachate from untreated-wood sawdust; MCA-treated = mixture of leachates from MCA-treated 
wood and from untreated wood, in various ratios to achieve desired Cu concentration while 
maintaining a DOC concentration of 3 mgL-1 in all treatments; SRFA = MHRW water 
containing a DOC concentration of 3 mgL-1 added as Suwannee River fulvic acid. 
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assumed a smaller percentage of the total W-DOC was effective in binding Cu than for SRFA 
DOC.  This is mathematically equivalent to a lower binding-site density or lower copper binding 
constant for the W-DOC than for SRFA DOC.  Thus, we iteratively decreased the DOC 
concentration input into BLM for the two W-DOC-containing waters and for MHRW (“Effective 
DOC” column in Table 3.2) until the predicted amounts of Cu accumulated on the biotic ligand 
at the EC50 for those three exposure-water types equaled the accumulated-Cu EC50 for the 
exposure water containing SRFA (Figure 3.3B).  With that adjustment, the BLM-predicted 
toxicities became consistent with a fundamental assumption of the BLM, that a given biological-
effect occurs at the same concentration of Cu accumulated on the biotic ligand, regardless of the 
exposure-water chemistry (i.e., the concentration-response curves for all four exposure-water 
types overlapped in Figure 3.3B).  Herein, we refer to factor by which the W-DOC concentration 
had to be decreased to satisfy that fundamental assumption as the “percent effective DOC” 
(Table 3.2).  For MHRW, the percent effective DOC was 98%; but for the two exposure-water 
types that contained W-DOC, the percent effective DOC was only approximately 35%. 
3.4.5  DOC Characterization 
A simplistic definition of DOC is as a measure of the dissolved organic matter (i.e. the 
organic carbon structures) that pass through a filter, with different studies using pore sizes of 
0.45 - 0.2 micron.  However, DOC is a complex and extremely variable substance in 
composition and molecular weight, both of which are influenced by source.  Its main 
protectiveness against Cu toxicity is provided by the DOC binding Cu 22 with the amount of 
protection varying with the properties of the DOC 75. Generally, the more aromatic the carbon, 
the more effective it is at conferring protective effects against metal toxicity to organisms.94 This 
is most clearly observed in the metal binding strengths of simple aliphatic and aromatic 
carboxylic acids. 
In our spectral analyses of W-DOC and SRFA, we normalized the UV-Vis absorbance 
scans to DOC concentration to avoid potential biases due to different DOC concentrations in the 
water samples.  The normalized absorbance of SRFA was highest in the UV range (200-400 nm), 
with a monotonic decline that lacked specific spectroscopic features as wavelength increased 
(Figure 3.4A).  Spectra of W-DOC leached from control wood and from MCA-treated wood 
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were relatively similar to each other and had lower normalized absorbance in the UV range than 
SRFA.  However, W-DOC leached from control wood had some broad peaks around 240-260 
nm that were present, but to a lesser extent, in the leachate from MCA-treated wood.  Wood cell 
walls are made up primarily of lignin, cellulose, and hemicellulose.79  As a result, the DOC from 
wood would be expected to be made up primarily of these structures or their degradation 
products.  Therefore, these absorbance features in the 240-260 nm range might be caused by 
repeating lignin structures, with the baseline absorbance being contributed to by cellulose, which 
only weakly absorbs in that wavelength range.95 
In our different DOCs, the SUVA was 4.31, 1.45, and 1.21 L mg DOC-1 m-1 for the 
SRFA, untreated W-DOC, and MCA treated wood DOC, respectively.  In Baken et al 96 the 
natural organic matter SUVA ranged from 1.4 to 3.6 L mg-1 m-1 and a linear relationship between 
SUVA and binding affinity for copper was found. In the same study SUVA was 1.8 to 2.8 L mg-1 
m-1 in anthropogenically influenced waters from Belgium and West Germany but no relationship 
to copper binding was observed. SUVA values ranging from 1.4 to 4.4 L mg-1 m-1 were found in 
a variety of natural waters,  the lower value being from Lake Ontario, a clear water lake, and the 
higher in a marsh containing high DOM.75,83  Smith et. al 97 lists SUVA values between 2.3 and 
5.1 L mg-1 m-1 in Colorado streams, and their reported value for SRFA SUVA is similar to ours 
at 4.0 L mg-1 m-1.  
The specific absorbance coefficients at either 350nm or 340nm are reported more 
frequently in Cu toxicity literature than absorbance at other wavelengths. SAC340 varied from 
2.70 to 53.2 cm2 mg-1 in various natural waters from North America and Europe.75,83,84,97 One of 
the lowest reported SAC340 values was 3.72 cm2 mg-1 from a US tap water source whereas humic 
acid sourced from Aldrich had the highest reported value of 79.98 cm2 mg-1. These values easily 
encompass our experimental values for W-DOC and SRFA, which were 11.72 and 32.0 cm2 mg-1 
respectively.  SAC350 is reported to vary from 7.5-49.1 cm2 mg-1 in natural waters.75,89,97 The 
SRFA, untreated W-DOC, and MCA W-DOC had values of 26.3, 3.8, and 4.6 cm2 mg-1, 
respectively.  
Fluorescence Index was proposed by McKnight et. al.86 as a predictor of DOC source, 
and values of 1.4-2.8 were reported. They proposed that values near 1.4 indicate the DOC was 
derived predominately from terrestrial sources, while higher values ≥ 1.9 suggest the DOC was 
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sourced mainly from microbes. We found that FIs for SRFA, untreated W-DOC, and MCA W-
DOC were 1.04, 1.46, and 1.16, consistent with wood being a terrestrial DOC source.  Our FI 
index of 1.04 for SRFA is lower than the range of 1.3-1.4 reported by reported by McKnight et 
al. and Smith et al. Reported FIs for DOC isolated from various waters range from 0.83-2.51 in 
other literature.75,83,89,97 Our lower FI for SRFA  may be due to analyzing it in MHRW instead of 
deionized water, or it being from a different isolation of SRFA standard reference material.   
Parallel Factor Analysis (PARAFAC) is a method applied to colored DOC (CDOC) 
excitation emission matrices (EEMs) to distinguish between different fluorescent groups. 98  We 
did not have enough different types of DOC to run PARAFAC, but visual inspection of the 
EEMs clearly show W-DOC and SRFA had distinctly different EEMs (Figures 3.4B, C, and D).  
The SRFA contained excitation/emission maxima in wavelength ranges classified as UV humic-
like (max 230-260 nm excitation/380-460 nm emission) and Visible humic-like (320-360 nm 
excitation/420-460 nm emission),8 and are similar to SRFA EEMs reported elsewhere (e.g., 
Figure 2C in Kolts et al).82  In contrast, the two W-DOC spectra were dominated by an organic-
carbon fingerprint usually classified as protein or tryptophan-like (max 275nm excitation/ max 
340  nm emission).  Since the W-DOC is likely derived from the major wood constituent (i.e. 
lignin and cellulose) it is not surprising that our results are similar to the EEM for the filtrate of a 
yeast–Cerophyll®–trout chow mixture in Figure 2A in Kolts et al.82  The YCT mixture is a 
standard laboratory food for daphnids (USEPA, 2002) and contains cellulose at least in the 
Table 3.3 Values of spectral indices measured in three exposure-water types.  Abs 254/265 = 
ratio of absorbances at 254 and 265 nm; DOC = dissolved organic carbon; FI = Fluorescence 
Index ( emission intensity at 450 nm/emission intensity at 500 nm, both measured at 
excitation wavelength of 370nm); SAC340 and SAC350 =Specific Absorbance Coefficient at 
340 and 350 nm, respectively; and SUVA254 = Specific Ultraviolet Absorbance at 254 nm.  
Untreated = leachate from untreated-wood sawdust; MCA-treated = mixture of leachates from 
MCA-treated wood and from untreated wood, in various ratios to achieve desired Cu 
concentration while maintaining a DOC concentration of 3 mg L-1 in all treatments; SRFA = 




(L mg DOC-1 m-1) 
SAC340 
(cm2 mg DOC-1) 
SAC350 
(cm2 mg DOC-1) Abs 254/365 FI 
SRFA 4.31 32.06 26.32 5.10 1.04 
Untreated 1.45 15.48 12.14 3.82 1.46 




Cerophyll® leaves.   Spruce lignin exhibits fluorescence emission spectra that peaks at ≈360 nm 
with excitation at 240 to 320 nm. 99  Although this is offset some 30 nm from our maximum of 
about 330nm, differences between lignin-derived leachate and the lignin itself may account for 
this slight shift. 
Figure 3.4. (A) Ultraviolet-visible (UV-Vis) absorbances normalized to dissolved organic 
carbon (DOC) concentration, and (B-D) excitation-emission matrices (EEMs) for three 
exposure-water types. (B)SRFA = MHRW water containing a DOC concentration of 3 mgL-1 
added as Suwannee River fulvic acid.  (C)MCA- treated = mixture of leachates from MCA-
treated wood and from untreated wood, in various ratios to achieve desired Cu concentration 
while maintaining a DOC concentration of 3 mgL-1 in all treatments; (D)Untreated leachate 




A few authors have examined the relationship between optical properties of DOM and 
copper binding capacity or observed toxicity.  Smith et al. proposed that SUVA may act as a 
predictor of DOC effectiveness as well as SAC350 and SAC340 by showing that the ratio of 
measured SUVA normalized to SUVA of SRFA was correlated with EC50s of C. dubia exposed 
to copper in waters with DOC from variable sources .97  Al-Reasi 75,84 showed a correlation of 
increasing SAC340 with increasing protein binding index and EC50s for a variety of aquatic 
organisms (fathead minnow, water fleas, and rainbow trout), suggesting that higher presence of 
aromatic carbon structures increases the ameliorative effect of DOC on copper toxicity. De 
Schampherlaere89 recommended using the SAC350 as the correction factor for copper affinity in 
the BLM, in a similar manner we applied percent effective DOC.  In his study he defined 
“affective fulvic acid” (%AFA) and the BLM input DOC concentration is the DOCmeas 
multiplied by %AFA/100. Performing this correction successfully predicted the 48hr EC50s 
within a factor of 2 error for D. magna.  Our study thus follows the general observation that 
EC50 increases with increasing SUVA, SAC350 and SAC340.  Indeed, various spectral indices 
have been shown to be correlated with decreasing toxic effects in species other than Daphnia sp. 
For example, LC50 of fathead minnows was correlated with Abs 350.100  Luider et al.101 showed 
taking SAC340 into account improved a gill model for Cu accumulation on trout gills. Finally, 
using ε350, Abs350 normalized to DOC, to generate a %AFA improves toxicity models for Lemna 
aequinoctialis.102  
3.5  Implications 
In considering implications, the ratio of copper to carbon in our toxicity tests and the 
observed outdoor release ratios is helpful to compare. Table 3.1 shows that copper was released 
into rainwater at levels 1-2 orders of magnitude higher than those in the toxicity test and had 
ratios of Cu to C that varied from 0.01-0.31 depending on location of weathering. The Cu to C 
mass ratios in the MCA toxicity test ranged from 0.004-0.027 with the 0.027 ratio resulting in 
100% mortality. The calculated EC20s of the MCA-treated and untreated wood exposures were 
16.1 µg Cu L-1and 18.4 µg Cu L-1, respectively, if the nominal DOC concentration of 3 mg C L-1 
is assumed.  This gives Cu to C ratios of 0.0054 and 0.0061, which is lower than any of the 
observed rainwater ratios. Pure rainwater that has been in contact with MCA lumber could 
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therefore result in acute toxicity to a portion of a D. magna population.  Thus, in the soil 
environment adjacent to where MCA-treated lumber is used, copper toxicity might occur, in part 
a result of the poor protective effects of W-DOC.  However, once contaminated rainwater mixes 
with soil pore waters that contain soil DOC, which is likely more effective at binding Cu than W-
DOC, the Cu toxicity would be mitigated.  The impact of Cu leachate released directly into soil 
will depend more on the nature and amount of pore water DOC than on the co-released W-DOC.  
Another release scenario may be that of direct introduction of leachate into a larger body of 
water, such as when MCA lumber is used to make a dock, with the nature and concentration of 
aquatic DOC playing an important role in copper toxicity due to mixing and dilution effects on 
MCA copper. 
3.6  Conclusions 
We conclude that not all DOC is the same in its ability to protect against Cu toxicity, 
which is supported by a number of studies.75,83,84,89,94,97,100–102  While high concentrations of DOC 
were observed to leach from wood, under both outdoor weathering conditions and with 
submersion, it provides less protection from copper toxicity.  Specifically, DOC leached from 
wood is neither as aromatic (lower SUVA & SACs) nor as structurally diverse as SRFA, both 
explaining its lower protection.  MCA-treated wood leachate may be a concern for aquatic 
species in small waterways that contain relatively low DOC concentrations.  Additionally, 
vertebrates (e.g., burrowers) and invertebrates (e.g., earthworms) in organic-poor soils might be 
vulnerable to the Cu released from implanted and/or buried MCA-treated wood, down-gradient 
from the wood use.  Results with a rather atypical DOC (W-DOC) demonstrate that further 
investigation into various spectral indices, as predictors of toxicity amelioration, might help to 






CHAPTER 4  
NATURAL WEATHERING OF CONCRETE CONTAINING NANOSIZED TITANIUM 
DIOXIDE PARTICLES 
In preparation for submission to Journal of Hazardous Materials with some additional data 
analysis in July 2020  
Katie Challis12*^; Ronald S. Lankone^13; Yuqiang Bi^14; Lexi Wallace^10; Yan Wang^15;  
Michael A. Garland^16;  D. Howard Fairbrother10; James Ranville9 
4.1  Introduction 
Concrete is a major building material used across the globe. It is useful in wide variety of 
structures, from paving materials to monuments, water storage to bridges. Some sources regard it 
as the most widely used substance on the planet after water.103  In the last decade, the industry 
has started adding titanium dioxide nanoparticles (nTiO2) to cement mixtures. TiO2 nanoparticles 
are photoactive under UV light and react with, and break down, organic molecules and 
atmospheric molecules, such as NOx and SOx when they are in contact with or near the cement or 
concrete surface.18,26,27 This “nano-enabled“ concrete is touted as having ‘self-cleaning’ 
properties and having the ability to clean the local atmosphere.18  However, the same properties 
that make nTiO2 so useful as a cement additive are also cause for concern.  If nTiO2 is released 
from the cement into the environment, this might result in toxicity through a variety of pathways.  
Perhaps the most significant concern arises from photoactive formation of reactive oxygen 
species (ROS) in aqueous or atmospheric systems, which can cause cellular damage to 
organisms. Photoactivity of nTiO2 that has attached to cells can directly cause adverse effects.   
 
* First Author- designed experiments, organized, analyzed, samples and interpreted data.  
^Deployed material for weathering and performed monthly sampling 
12 Colorado School of Mines, Department of Chemistry, Golden, CO 80401, USA 
13Johns Hopkins University, Department of Chemistry, Baltimore, MD 21218, USA 
14 University of Pittsburgh, Department of Civil and Environmental Engineering, Pittsburgh, PA 
15261, USA 
15 Arizona State University, School of Sustainable Engineering and The Built Environment, 
Tempe, AZ 85287, USA 




Finally, nTiO2 can adsorb other toxic metals onto its surface and thus act as a vector for their 
transport and ingestion.26,104–106   
The matrix of concrete is quite complex and is composed of a Ca-rich cement that binds 
together sand or gravel particles, which are termed aggregates by the industry. The aggregates 
are natural geologic materials and, depending on their source, will contribute earth-abundant 
elements to the concrete, these commonly being Si, Al, Fe, and most importantly to this study Ti.  
There are also small percentages of SO3, K2O, Na2O, Fe2O3, and MgO (represented as their 
oxide formula) in cement itself.107,108  Cement is a ball-milled form of clinker, which is made by 
high temperature fusion reactions which transform the original components of lime, alumina, 
silica and iron into calcium minerals such as (CaO)2SiO2 or (CaO)4Al2O3Fe2O3 , abbreviated as 
C2S and C4AF respectively by cement chemists.107 The most common type of cement produced 
is Portland Cement, which is defined by the ASTM C19 as a `hydraulic cement produced by 
pulverizing Portland cement clinker and usually containing calcium sulfate’.107  Hydraulic means 
that water activates the binding reactions, which result in hardening of the cement.107 The 
presence of these elements are relevant to this study in that examining their release proportion 
relative to Ti might be an indicator of Ti release from concrete. 
Titanium dioxide is most widely used as a white pigment, with little consideration of its 
particle size in these applications.  Recently the nanoscale form of titanium oxide (nTiO2) is 
being used in nanomaterials to utilize the special properties of materials that arise at the 
nanoscale.  Titanium dioxide makes up between 0.6% to 0.9% of the earth’s crust.109,110 The 
most common ore used to produce pigment TiO2 is ilmenite, an iron containing ore with a 
formula of FeTiO3.110  Natural mineral forms of TiO2 are anatase, rutile, and brookite, these 
minerals varying in their crystallography. The majority of engineered TiO2 used is either anatase 
or rutile.110,111  There are many lab-based methods of synthesizing TiO2 nanoparticles, and the 
method for producing the nTiO2 for incorporation into the cement used in this study is unknown 
to the authors.112   
Engineered nTiO2 is also used as an active ingredient in sunblock, pigment in paints and 
plastics, cosmetics and food additives (for color), as a coating to prevent droplets and fogging on 
mirrors and windows, and as a photocatalytic method of water treatment.7,25,26,110,113,114  
Therefore, despite a large natural background of TiO2 in the environment, nTiO2 may be elevated 
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in populated areas, due to the multitude of uses for engineered TiO2.  However, previous work 
has shown that it is difficult to tell if the engineered titanium is being released into the 
environment at significant levels due to this high natural background Ti.7,115 Therefore, advanced 
techniques are necessary to be able to distinguish the two sources of particles. One study 
investigated if there was a difference in the XANES and XRF spectra of titanium in treated 
sludge and natural soil to determine if there were any indictors of source; however, they were not 
able to find any.116 A few publications have suggested that Ti is naturally associated with 
elements like Nb, Ta, W, Zr, Fe, U, Pb, Ba, V, Ga, Er, Tm, Yb, and Ta, while engineered Ti is 
not.7,117 One paper used only the Nb to Ti ratio to determine percent engineered Ti in river water 
near roads that had TiO2 containing paint.118    
A limited number of studies have examined the amount and consequence of nTiO2 release 
from products.  In an abrasion study, the released material was characterized by the nTiO2 
amount, form, and toxicity to Ceriodaphnia dubia.119 Most of the released nTiO2 was imbedded 
in a cementitious matrix which was enriched in TiO2 compared to the parent material.  
Interestingly the nTiO2-containing concrete particles released via abrasion were less toxic to C. 
dubia than free TiO2 particles.119  In our study we examined the release of nTiO2 under natural 
outdoor weathering conditions, where exposure to natural weathering processes like 
precipitation, light, and ambient temperatures would be the agents responsible for release.  
Unlike other studies, the use of outdoor weathering includes examining the effect of background 
Ti on the detectability of engineered n-TiO2.  Specifically, we focused on applying multiple 
analytical methods for determining if nTiO2 release from concrete “pucks”, containing 
photoactive n-TiO2, is detectable above the natural background in experiments performed over 
~2 years of outdoor exposure at five different locations having variable climates.  
4.2  Methods 
4.2.1  Concrete Weathering Procedures 
Concrete pucks were prepared by the United States Army Corp of Engineers (USACE) at 
the ERDC laboratory in Vicksburg, MS.   The pucks contain nTiO2 cement mixture, which is a 
Portland cement with an additive of ~1.8% TiO2 in anatase form. The average size of the TiO2 
particles in the cement was reported as 37nm.  The concrete was prepared by mixing 740g of 
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cement powder with 2035 g of sand and 359 g of water.120 The concrete was dried in cylinders, 
which were cut into pucks with a diameter of 2 inches (5 cm) and height of 0.5 inches (1.3cm).  
The USACE also performed x-ray diffraction (XRD) analysis of a puck following acid rinsing; 
see Diamond et. al. for details.119 
A permanent ink marker was used to label the side of each puck with an identification 
letter as an indication of the direction of weathering. Concrete pucks were then shipped to five 
locations in the United States.  Sites included: Tempe, AZ; in Golden, CO; in Baltimore, MD; in 
Corvallis, OR; and Pittsburgh, PA. Locations provided a variety of climates as described in 
Chapter 2 (see Figure A.2 for map).77 
Samples were suspended with polypropylene netting about 0.75 inches under the lip of a 
glass quart jar (Figures C.1 & C.2). The jars were placed in a wooden rack to hold the jars 
upright.  The setup was then placed on the rooftops of academic buildings at the various 
locations. Two or three jars with netting but with no puck were set up at each location as 
controls.  Sampling occurred monthly by collecting rainwater still present in the jar. The jar, but 
not the puck, was rinsed with 20mL of 2% nitric acid, which was combined with the rainwater in 
the collection beaker or cylinder as in previous studies.58,77  If no rainwater was present, the 
sample was simply the 20mL of 2% nitric rinse as discussed in Appendix A.77  No acid was 
rinsed over the actual concrete, to prevent non-weather-related leaching.  The total volume of 
sample was recorded and 15mL or 50mL aliquots of the sample were sent to Golden, CO in 
polypropylene centrifuge vials for later analysis. Nitric acid was used to assure recovery of Ti 
from the jar. In our previously published work,121 nTiO2 was shown to be resistant to dissolution 
in a concentrated nitric acid microwave digestion.  It was also shown to be stable under 
continued storage in dilute nitric acid at ambient temperature for at least 6 months.  Although we 
did not examine the effects of long-term storage, we assume the resistance of TiO2 to microwave 
heating allowed us to perform spICP-MS analysis on these samples, even though they were 
stored for up to 3 years at ambient temperature.  The additional observation of particles being 
still present after this time supports the assumption of long-term stability in acid, but does not 
eliminate the possibility of partial alteration and/or dissolution.121    
Localized weather data was recorded every 30mins using a weather station (Davis 
Weather Link) placed directly next to the samples. Rain volume, rain rate, wind, temperature, 
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humidity, solar radiation and UV dose were all collected and stored in the attached data logger. 
The weather data were averaged over each month period using excel spreadsheets, and graphs 
were generated using MATLAB.  
4.2.2  Chemical Analysis  
The samples often contained visible dust particles that settled to the bottom of the vial. 
These particles represented coarse materials that were not part of the study of nTiO2 and could 
potential clog the ICP instrumentation.  Therefore, a procedure was developed to eliminate large 
particles while retaining nanoparticles in solution for analysis the samples were mixed by either 
inverting multiple times or briefly vortexing (<10sec, usually 1-2secs) and bath sonicating for 30 
minutes the evening before analysis.  This procedure was applied to disperse any weak 
aggregates that could contain n-TiO2 while not being sufficiently energetic as to break apart 
micron-sized and larger dust particles.    Samples were settled for 13 to 28 hours after sonication 
ended and prior to ICP analysis in order to remove non-nanoscale particles (assuming a density 
of 2.4-2.6 g cm-3). 
Samples were analyzed by ICP-OES (PerkinElmer 8300) for 33 elements.  The auto 
sampler probe was suspended ~2cm from the bottom of the vial to avoid uptake of coarse 
particles that had settled and might cause blockages in the sample introduction system. See 
Tables C.1-C.2 for the element wavelengths, detection limits (DLs) and instrument settings. 
Check standards were analyzed to insure proper quantification. If an element was over 20% 
different from its reported value in the check standard, the data for that element from that 
analysis were omitted from further analysis.  Data were organized in an Excel database and 
graphed using MATLAB.  Mass concentrations were converted to element mass by multiplying 
the ICP-OES results by the reported sample volume, and the computed mass represents the 
amount deposited in each month. 
Single particle ICP-MS (spICP-MS) analysis of selected samples was conducted on a 
PerkinElmer NexION D for titanium-containing particles. 49Ti was used due to its low 
background and lack of interference from 48Ca. In spICP-MS, particles must have enough mass 
to generate a signal over the background. Individual particle mass detection limits were 0.31-
0.37 fg Ti depending on the background of the sample and daily analysis sensitivity. This mass 
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translates to a particle diameter of 65- 80nm if spherical rutile TiO2 particles are assumed. The 
samples were diluted to ~5 µg L-1 Ti after the settling procedure explained above, with the 
aliquot being taken from low in the tube, but not at the bottom, in the same manner as the OES 
sampling probe. The diluted samples were remixed and sonicated just prior to starting ICP-MS 
analysis.  This procedure disrupted any aggregates that had formed after the aliquot was taken, 
and insured particle suspension for uptake into the instrument.  Transport efficiency (TE) was 
determined using the mass-based method in Pace et al. 2011,56 using 60nm Au National Institute 
of Standards and Technology (NIST) particles or 50nm nanoComposix Au particles, TE varied 
from 5%-12% over the course of the study (see Table C.3 for instrument conditions). Statistical 
analysis of Ti particle mass distribution was done rather than converting to size.  This eliminated 
any assumptions about particle composition other than Ti content.  T-tests were performed on the 
means and standard deviations of log transformed mass distributions using MATLAB (See 
Figure 4.6).   
4.2.3  Electron Microscopy  
Images were obtained from a single month of control samples (jars without pucks) from 
Tempe, AZ, Golden, CO, and Baltimore, MD.  One concrete sample from Golden, CO was also 
examined. After the same settling procedure as used for ICP analysis, sample was transferred to 
a copper grid.   Transmission electron microscope (TEM) images were obtained with a JOEL 
JEM 2100.   Energy-dispersive X-ray Spectrometry (EDX) was also performed. Scanning 
electron Microscopy (SEM) was also performed on a FEI Quanta 600 FEG environmental with 
EDX capabilities on these same samples.   
4.3  Results and Discussion 
4.3.1  TiO2 in Concrete  
Based on data provided by USACE collaborators, the mass percent of TiO2 is 3.4 w/w% 
as determined by x-ray diffraction of an acid-rinsed concrete puck, perhaps biasing that analysis 
against soluble minerals, like CaCO3.119 Anatase made up 1.8% and rutile made up 1.6% of the 
total concrete. If the photoactive engineered particles were the only source of TiO2 in the 
concrete it would be only 0.5% TiO2 w/w%, based on the total mass of TiO2 containing cement 
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added to the mixture when casting the concrete pucks. Therefore, the remaining TiO2 must be 
contributed by the original Portland cement powder or the sand.  
4.3.2  Chemical Composition of Collected Leachates 
Stokes law was applied to calculate what size of particles remained in suspension. 
Assuming the detected Ti was either the anatase (density = 3.8 g cm-3) or rutile (density = 4.2 g 
cm-3) crystal form, most micron sized TiO2 particles would have been removed.  However, soil 
mineral particles or concrete particles, which have densities on the order of 2.4-2.6 g cm-3, may 
still be present as particles larger than approximately a micron. Based on the details of the 
settling experiments, the smallest particles to settle out of the entire length of a tube would be 
~650-700nm, while most of the soil particles < 1 micron would still be in solution.  Therefore, 
the analysis mainly captured dissolved elements, TiO2 particles less than 800nm, and other 
elements in particles less than about 1 µm (fine dust).  Differences in density, shape, and original 
position of a particle in the vial make the size cutoff obtained by settling a rough approximation. 
The settling distance used for the calculation was from the top of the vial to 2cm above the base 
of the vial.  Particles smaller than the size cutoff that were initially lower in the tube would have 
settled out as well. This is an inherent limitation of sedimentation analysis, which can be 
improved with repeated resuspension and settling. The purpose was to avoid clogging issues in 
the ICP instruments and not an attempt to obtain a precise upper size cutoff.  To put this into 
context of atmospheric particle analysis, the distribution obtained is finer than PM 2.5 filters 
typically used to sample air. Thus, the results are representative of the fine particles that are of 
concern in air pollution.  Since the study was directed at TiO2 analysis, the use of dilute acid to 
recover the particles from the sample jars was not expected to alter the TiO2 particle 
characteristics. We have shown in previous study of TiO2 uptake in rice plants, that TiO2 is 
resistant to the conditions we used in this study.121  Recall that the concrete pucks were not 
exposed to acid, only the sample jars.  Thus, the presence of an element in the samples is not a 
result of the acid leaching of the concrete puck.  Salts such as NaCl or MgCl and soluble 
carbonate minerals in the rainwater samples are expected to have dissolved prior to analysis.  We 
expect that aluminosilicate minerals (i.e. mineral dust) and concrete would not have fully 
dissolved, and thus only the elements present in the non-settleable fraction would be detected.  
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Figure 4.1. Calcium mass in control (black lines) and cement (colorful lines) samples for each month at the 5 weathering 
locations Tempe, AZ; Golden, CO; Baltimore, MD; Corvallis, OR; Pittsburgh, PA. Error bars are standard error.  Lower right: 
Ca ratio is calcium mass in concrete sample over calcium mass in the control sample. The solid black line is a ratio of 1.  
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Certainly, many samples contained a significant quantity of observable settled particles.  Any 
individual nTiO2 particle released from the concrete is much smaller (on the order of 37 nm) than 
the size cut-off established by the settling procedure and is of a size that would stay suspended 
indefinitely due to Brownian motion. 
Figure 4.1 shows the results of OES calcium analysis plotted for the five locations. For 
all locations except the Tempe, AZ site, the calcium mass in the concrete sample jars is 
consistently elevated above the control sample jars, with only a few rare exceptions.  For the 
Tempe, AZ sample, this is observed for only a few months. The Tempe, AZ sample is likely 
leaching Ca; however, the samples from this site clearly contained more dust than the other 
locations and were subjected to less rain, which is likely the major leaching source.  The results 
are unsurprising, as Ca is known to leach from the concrete, consistent with it being present in 
the compounds that are the major component of concrete (see Diamond et al. for a list of 
components).122 The monthly calcium masses were the highest at Corvallis, OR, reaching 
120,000µg in Nov 2017. Baltimore, MD had the second highest Ca mass in the concrete samples, 
reaching 110,000µg in July and September of 2018. Tempe, AZ, Golden, CO, and Pittsburgh, 
PA all remained below 6000µg Ca in the concrete samples across the time period of the 
experiment. The Ca release, obtained from the concrete jars, was higher than most other 
elements, at all locations. Tempe, AZ and Pittsburgh, PA had backgrounds averaging around 
700µg Ca per month, Golden, CO and Corvallis, OR were about half that value, and Baltimore, 
MD had control averages around 600µg Ca per month.  The ratio of Ca released from the 
concrete to that introduced from the background is shown in Figure 4.1F and generally ranges 
from 1-80.  In only rare cases are the values less than 1, and these are expected to be a result of 
analytical uncertainty (on the order of 5-10% for ICP-OES) in computing the ratio of the two 
very similar numbers.  Assuming a worst case of an analytical uncertainty of 10%, any values of 
the ratio between 0.84 and 1.14 cannot be distinguished from a value of 1.   
 The release of silicon might also be expected, as it is the second most common element 
in concrete and is present in the minerals that compose ~86% w/w of the nTiO2 concrete.  Silicon 
release is indeed generally observed (Figure 4.2) and follows a similar trend to Ca, where 
leaching is visible in all locations excluding Tempe, AZ where values for the concrete are very 
nearly the same as the controls.  Only six concrete samples for Golden, CO are clearly elevated 




Figure 4.2. Silicon mass in control (black lines) and cement (colorful lines) samples for each month at the 5 weathering locations Tempe, 
AZ; Golden, CO; Baltimore, MD; Corvallis, OR; Pittsburgh, PA. Error bars are standard error.  Lower right: Si ratio is calcium mass in 




Figure 4.3. Titanium mass in control (black lines) and cement (colorful lines) samples for each month at the 5 weathering 
locations Tempe, AZ; Golden, CO; Baltimore, MD; Corvallis, OR; Pittsburgh, PA. Error bars are standard error.  Lower 




nearer to one for both Tempe, AZ and Golden, CO.  Two factors determine the ability to observe 
differences in the Si mass in the control and concrete rainfall collection jars.  Differences were 
observed in the low background samples (Corvallis, Pittsburgh, and Baltimore), which also 
contained relatively high values in the concrete sample jars.  In the case of the Tempe, AZ 
sample, Si was not higher than the controls, indicating little additional Si was being added by 
concrete leaching to the high background.  For the Golden, CO samples intermediate background 
Si mass was observed with the same situation with regards to leaching as the Temple, AZ site.  
Other elements that were elevated in the concrete samples were V, Sr, S, Mg, Mo (often only 
detectable in concrete), and K (although the ratio of control to concrete decreases as time goes 
on) Results for these elements are presented in Appendix D, Figures 28(V),  26 (Sr),  22(S), 
15(Mg), 17(Mo), 12(K).   
Ti release (Figure 4.3) shows that the mass of Ti in the background vs. the concrete 
containers are usually within measurement standard error of one another, with few exceptions.  
This results in a ratio (concrete/control) of nearly 1 in most cases (Figure 4.3 lower right). The 
lack of difference is hypothesized to be a result of two conditions.  First, the control samples 
contained measurable amounts of Ti in nearly every sample. As TiO2 makes up between 0.6-
0.9% of the earth’s crust/soil, and soil makes up a large fraction of dusts, it should be no surprise 
that Ti is present in relatively large amounts in the background.  A second factor is that we 
believe the elements that were observed to be elevated were likely present in soluble phases.  
TiO2 in contrast is very insoluble and elevated levels of Ti would require the particles to be 
released.  Based on these observations and a one tailed t-test test on the means of control vs. 
concrete samples at a 95% confidence interval (Table C.14), there is little support that Ti is 
elevated in the concrete sample over that seen in the control (i.e. Ti is not being released from 
concrete).  
Aluminum also acts similarly to titanium in its lack of measurement difference between 
the control and background. It is also present in acid-rinsed concrete puck at a mass percent 
similar to Ti (0.8% Ca3Al2O6).  Al makes up between 8-16% of the earth’s crust and is generally 
present in insoluble minerals (Al oxide and aluminosilicates). Therefore, it is similar to Ti in that 
its release, likely in particulate form, is difficult to observe over the background (see Appendix, 
Figure D.1.)   
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4.3.3  Correlation Analysis of Collected Leachates  
We examined the correlation coefficients (Pearson’s) between elements at each site to 
look for patterns in the mineralogic composition (Tables 4.1-4.2 & Tables C.5.-C.14.) that might 
be a fingerprint for the background particles.  Data for all dates at each site were combined in the 
analysis.  Strong correlation coefficients in the background samples collected across all sampling 
dates at a given site might suggest uniformity of mineral content despite changes in weather and 
season.  We hypothesize that if the concrete is contributing a specific element, then the 
correlation seen in the background or control jars might be expected to become weaker in 
samples from the concrete-containing jars. It is also possible that if multiple elements are 
released from the concrete, new strong correlations may arise for those elements. We test this by 
examining Ca, which demonstrated an observable release (Table 4.1), and Ti, which is not highly 
released (Table 4.2).   
Strong correlation coefficients between Ti or Ca and multiple elements in both jars might 
suggest the dominance of Ti or Ca from background sources.  In contrast, if an element known to 
Table 4.1. Element correlation coefficients to Ti at all locations, as calculated by 
MATLAB assuming a parametric distribution (Pearson). Both control/ background 
(Bkg) and concrete (Con) leachates are presented. 
Element Tempe, AZ Golden, CO Baltimore, MD Corvallis, OR Pittsburgh, PA 
Type Bkg Con Bkg Con Bkg Con Bkg Con Bkg Con 
Al 0.82 0.8 0.71 0.76 0.55 0.11 0.99 0.92 0.95 0.93 
Ba 0.91 0.78 0.66 0.62 0.39 0.56 0.2 0.02 -0.04 -0.17 
Ca 0.97 0.5 0.49 0.2 0.39 0.35 0.34 -0.3 0.13 0.13 
Fe 0.96 0.96 0.8 0.57 0.61 0.61 0.46 0.79 0.93 0.92 
K 0.95 0.44 0.53 0.14 0.24 0.35 0.34 -0.15 0.1 -0.14 
La 0.8 0.81 0.67 0.77 0.19 0.11 0.76 0.47 0.66 0.67 
Mg 0.99 0.96 0.85 0.58 0.45 0.47 0.39 -0.15 0.63 0.52 
Mn 0.74 0.68 0.84 0.88 0.59 0.51 0.65 0.54 0.08 0.87 
P 0.95 0.92 0.29 0.35 0.14 0 0.19 0.01 0.15 0.02 
S 0.84 0.01 0.32 0.05 0.53 0.35 0.24 -0.25 0.28 0.05 
Si 0.97 0.81 0.94 0.43 0.05 0.44 0.88 -0.23 0.64 0.03 
Sr 0.38 0.25 0.49 0.46 0.4 0.01 0.33 -0.25 0.16 0.15 
V 0.99 0.38 0.83 0.16 -0.02 0.42 0.55 -0.23 0.69 -0.07 
Y 0.8 0.81 0.61 0.72 0.37 -0.01 0.74 0.28 0.76 0.76 




be released, were to strongly correlate to only a few elements, or none, it might suggest an 
influence of the element from the concrete, although non-uniformity in mineralogy over the 
seasons is another potential cause.  Arizona has the highest number of elements that show 
correlation in the control jars. Only Mn, Sr, and Zn had no correlation coefficients greater than 
0.75.  The most likely explanation is one consistent source of metals at significant 
concentrations, namely dust deposition (See Table C.4 & C.5). In contrast, Baltimore, MD 
showed almost no correlation of elements in the controls, suggesting that background sources 
vary with time or season, thus making it difficult to use this approach to detect release of any 
given element from the concrete.  Results for Golden, CO, Pittsburgh, PA, and Corvallis, OR 
showed an intermediate number of correlated elements, but were more like Baltimore, MD than 
Tempe, AZ.   
Once there is a second source of any given element, in this case the concrete puck, the 
number of correlated elements drops.  This is seen most clearly in the Tempe, AZ concrete jars 
(Appendix C Table C.5).  The introduction of elements from the concrete into the Tempe, AZ 
background-containing samples adds elements in proportions other than those contained in the 
Table 4.2. Elemental correlations as related to Ca (see text for location ID), as calculated by 
Matlab. Both control/ background (bkg) and concrete (con) leachates are presented.  
Element Tempe, AZ Golden, CO Baltimore, MD Corvallis, OR Pittsburgh, PA 
Type Bkg Con Bkg Con Bkg Type Bkg Con Bkg Con 
Al 0.79 0.4 0.53 0.32 0.65 0.3 0.3 -0.26 0.25 0.2 
Ba 0.94 0.59 0.76 0.62 0.34 0.65 0.18 0.67 0.53 0.6 
Fe 0.94 0.48 0.23 -0.14 0.4 0.11 0.14 0.08 0.27 0.22 
K 0.95 0.58 0.59 0.69 0.26 0.17 0.83 0.56 0.74 0.34 
La 0.78 0.35 0.6 0.46 0.34 -0.14 0.53 -0.23 0.44 0.33 
Mg 0.98 0.63 0.82 0.87 0.73 0.61 0.68 0.84 0.68 0.81 
Mn 0.67 0.42 0.62 0.39 0.59 0.12 0.6 -0.03 0.38 0.3 
P 0.98 0.54 0.62 0.36 0.25 0.01 0.46 0.04 0.25 0.13 
S 0.91 0.83 0.92 0.89 0.82 0.22 0.93 0.67 0.61 0.68 
Si 0.94 0.69 0.58 0.86 0.73 0.83 0.44 0.82 0.76 0.84 
Sr 0.3 0.44 0.66 0.64 0.22 0.43 0.64 0.64 0.83 0.71 
Ti 0.97 0.5 0.49 0.2 0.39 0.35 0.34 -0.3 0.13 0.13 
V 0.97 0.87 0.63 0.89 0.69 0.56 0.86 0.6 0.62 0.37 
Y 0.78 0.42 0.66 0.45 0.38 0.15 0.52 -0.09 0.35 0.27 




background particles/rainwater. The effect of the concrete on elemental correlation coefficients is 
less obvious at the other sites, as fewer elemental correlation were seen in the controls to begin 
with. Titanium and aluminum have 80% or better correlation at Tempe, AZ, Corvallis, OR and 
Pittsburgh, PA, while once again Baltimore, MD does not show strong correlations.  At Golden, 
CO, the two elements are correlated at >70%.  Titanium and aluminum are present in both the 
dust and the concrete puck. Their presence in both materials (i.e. background dust and concrete) 
make it difficult to determine the source of the correlation, whether introduction of background 
dusts or release from concrete.   
 Despite the overall decrease in the elemental correlations, Ca and Si are correlated with 
each other at >69% at all locations in the concrete samples, except Baltimore, MD.  This is 
consistent with the observation that these elements were indeed being released from the concrete.  
In speaking with our collaborators at John Hopkins, we learned that this weathering location was 
somewhat sheltered from wind, perhaps decreasing the contribution of wind-blown dust.  Also, 
construction occurred in the building directly adjacent to the weathering rooftop sampler during 
part of the experiment.  This could be a separate source of metals that resulted in fewer elemental 
correlations.  This observation highlights the fact that although our study can inform on the 
influence of climate, effects localized to the sample location may impact the results.  More 
sampling at multiple locations within a specific climate zone are warranted. Tables of other 
elemental correlation coefficients are given in Appendix Tables C.4-C.13.  
4.3.4  Particle Imaging  
The TEM images of control samples from Tempe, AZ, Golden, CO, and Baltimore, MD 
showed that TiO2  is present in the background at least in part as titanium dioxide minerals.  This 
conclusion was drawn from shape of the particles being characteristic for these minerals (Figure 
4.4) and the presence of only Ti in the EDX analysis (oxygen is presumed present).  The 
presence of particles showing only Ti in the x-ray analysis in the background samples clearly 
shows that TiO2 is naturally occurring, an expected conclusion, and their presence certainly 
increases the difficulty in detecting similar TiO2 particles that may originate from the concrete.   
The presence of Ti in complex particles containing other elements is consistent with Ti-
containing minerals that are known to be present in soils and other sources (Figure 4.5).  Had 




released TiO2 by electron microscopy may have been possible.  The background TiO2-only 
particles were oblong in form and smaller than 100 nm in all directions, but often were 
 
Figure 4.4. Titanium Particles observed in control samples. A) ASU control sample, B) 
CSM control sample. Particles were identified as containing no metals other than Ti 
(oxygen is not detected by EDX).  
Figure 4.5. Background particle collected from Baltimore, MD. SEM image is shown on the left. 
EDX  map is presented on the right. Red represents iron, green is titanium, and blue is silicon. 
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aggregated into clusters of 5 or more particles at all locations (See Figure 4.4 and Figures C.6-
C.8). Given that SEM and TEM were unlikely to be a means of quantifying TiO2 released from 
concrete, only one sample from Golden, CO was analyzed. SEM did show one interesting 
particle (Figure 4.6), which appeared to have an aluminum-containing matrix with particles of 
titanium and iron embedded within.  This is likely a particle of the Ti-containing concrete that 
was released into the jar.  The low Ca signal in the matrix may be due to the fact it was stored in 
2% nitric acid for a few months prior to sample preparation.  
4.3.5  Climate by location 
Weather conditions (temperature, rainfall, sunlight, etc.) varied seasonally as expected 
(See Appendix C Figures C.3.-C.5.). Arizona had the highest overall temperatures throughout the 
year, barely dropping below freezing at any time. The other four locations did have temperatures 
below freezing, and as a result precipitation was likely frozen during winter months. If it had just 
snowed, sampling was delayed until the snow had melted mostly into the jars, so that it could 
safely be carried into the lab and thawed.  Pittsburgh, PA had the highest monthly-average wind 
speed, with the other locations all being similar in average wind speed.  Baltimore, MD and 
Pittsburgh, PA reported rain in every recorded month of weathering (due to exceedance of 
onboard storage capacity on the weather station some months were not recorded).  Corvallis, OR 
Figure 4.6 SEM backscatter image of a particle from a CSM cement sample, B) EDX of 
the boxed in portion, showing and aluminum matrix (blue) with titanium (green) and 
iron(red) within the matrix.  
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showed the most precipitation extremes, with a monsoon resulting in 28.9cm rainfall total for the 
month of February 2017, but multiple months that had no recorded precipitation (Aug 2016, Jul 
2017, and May 2018). Arizona was the driest location, followed by Colorado. Humidity was 
lowest on average in Arizona, usually below 50% and even lower in the summer months. 
Colorado was slightly more consistent with monthly averages between 35-55% throughout the 
year. Baltimore, MD and Pittsburgh had similarly high averages usually between 50-80% 
humidity, with little seasonal variability. Corvallis, OR had some seasonality but was on the high 
end of humidity- between 60-90% humidity with the lower values occurring in warmer months.  
Sunlight measures such as solar energy and UV were higher in the summer and lower in the 
winter at all locations, in a similar manner to temperature. Arizona had the highest solar radiation 
in the summer; however, in the winter some localized shading of the weather station and sample 
collector occurred, which sheltered them from the sun in the mornings. Colorado had the next 
highest amount of solar radiation. Corvallis, OR had similar summer values to Golden, CO but 
lower winter values.  
At least two clear sources contribute metals into our jars are: deposition of dust and 
weathering from the concrete. Wind speed and wind run (duration of wind gust times the wind 
speed) may pair with humidity to be a controlling factor on the amount of dust deposited in the 
sample containers. In dry climates such as Arizona, wind may be able to transport minerals 
farther, (i.e. dust storms) so higher wind months, with low humidity, might have more dust 
deposited in the jars – as was visibly observed in the dry summer months by the Arizona having 
more sediment in the samples.  This was the likely cause of why Tempe, AZ generally had 
higher Ti background, which increased the difficulty in observing any Ti release. Conversely, 
Pittsburgh, PA and Baltimore, MD likely had such low backgrounds because the higher humidity 
and precipitation provide for more vegetation cover, resulting in less exposed dry soil. 
Consequently, less atmospheric dust can enter the containers, supported by there being little to 
no visible sediment observed in the samples.  Calcium carbonate is far more soluble than TiO2 
minerals. Therefore, rainfall (Figure 4.7) was likely what stimulated the release of calcium and 
the other common concrete materials. UV radiation should be considered too. If indeed the 
photoactive titanium is exposed to sunlight, it may assist in breaking some intra-concrete bonds, 
resulting in more released metals from the concrete. However, the influence of both the  
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Figure 4.7. Total rain in each given month (cm) at all 5 locations, as labeled in titles. All recorded rain was summed for each 
month-long exposure period. In some months no rain was recorded. Purple stars were added to distinguish between months 
where weather data were reported (star present) with no recorded precipitation versus months where weather data were not 
reported (no star). 
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precipitation amount and reactions occurring in water are less likely to occur if the precipitation 
is frozen.  
Other work on similar nTiO2 cement has shown that an altered layer forms from the 
dissolution and reprecipitation of calcium minerals in cement. This altered layer reduces the 
weathering of the cement.  Bossa et al. showed that simulated rainfall equivalent to ~2 years of 
outdoor weathering would result in releasing < 0.2% of the total titanium in the outmost layer of 
cement, a likely consequence of the formation of the altered layer.  Furthermore, they found that 
if Ti is released, it is likely aggregated with cementitious material and not as individual TiO2 
nanoparticles or dissolved Ti.  The result that Ti was not released as discrete particles agrees 
with the Diamond et al. study described in the introduction (section 4.1) on the abrasion of 
concrete. 
4.3.6  Particle characterization by single particle ICP-MS 
 Data from bulk ICP-OES and SEM analysis did not provide a means of clearly 
determining if TiO2 was being released.  Thus, we used spICP-MS to do particle by particle 
analysis to determine if particle physical characteristics varied among samples. The Ti (particle 
mass) detection limit for the spICP-MS method is well above the mass of the incorporated 
photoactive nTiO2 particle size of 37 nm (Ti mass of 0.07 fg). Therefore, the method is limited in 
that it was only capable of detecting released TiO2 agglomerates or concrete fragments 
containing TiO2.  Based on the detection limit of the method, we calculated that the aggregate or 
fragment must contain five or more engineered particles. Due to the extreme insolubility of TiO2 
in weak acid, the majority of background present in the spICP-MS signal for Ti-containing 
samples is assumed to represent unresolvable nanoparticles.  Very little to no dissolved Ti is 
expected.123 As mentioned in methods, the detection limit is 0.34 fg per particle or around 70nm 
TiO2 particles. Therefore, the following data analysis of particle mass and size distributions is 
based on detectable particles only. Due to the complexity of the background and the nature of the 
released particles (i.e. not necessarily only TiO2 particles), the statistical analysis of Ti was done  
on a mass basis instead of size basis.  We examined mean size and the width of the distribution 
as reported as a standard deviation.  This approach proved a simple means to determine if any 




Figure 4.8:  Log transformed mass data of detected Ti particles for March 2018 at Golden, CO. Top Row: Background/ Control 
samples (1-3). Bottom Row: Concrete samples (J, K, O). 
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and concrete rather than attempt comparison of the full mass distribution histograms.  A t-test 
(95 % confidence interval, α=0.05 ) was used to look for significant differences in these two 
metrics. 
Single particle analysis was performed on Ti particles for selected months.  The first 
month of weathering, July 2016, was analyzed for all locations, although Baltimore,MD data are 
not reported due to only one control being analyzed. The remaining samples were chosen to 
compare different overall Ti concentrations between months for a control sample, or to analyze 
the observed difference in Ti masses when comparing concrete and control samples within the 
same month.   
For Tempe, AZ, August 2016 and August 2018 were analyzed, as those months had the 
highest Ti masses of the entire experiment, around 30µg Ti for August 2016 and 28µg Ti in 
August 2018. April 2017 was chosen to represent the lower mass of titanium seen at Tempe, AZ 
with ~3.6 µg Ti present (with only Jan and Feb 2017 having lower concentrations). In all the 
statistical tests, the only the parameter that was significantly different between control and 
concrete samples was the distribution width for July 2016.  
At Golden, CO, Jan 2017 and Mar 2018 samples were also analyzed by spICP-MS. Jan 
2017 had particles in the control jar with an average Ti mass of 23 µg, while Mar 2018 had an 
average and standard error of 4.2±0.6 µg for the concrete and 6.2±1.7 µg for the control. 
Although the Ti mass of particles present in control vs concrete jars was different for the month 
of March 2018, the distributions were not different. July 2016 was also analyzed and had Ti 
masses of the particles of 2.5µg for the control and 3.7µg for the concrete. (Figure 4.9). July 
2016 had a statistically different distribution width, but all other months means and widths were 
statistically from the same distribution.  
Particles in the Baltimore, MD and Pittsburgh, PA samples generally had lower titanium 
masses than the other locations.  Baltimore, MD in March 2017 had a low Ti mass (<1.5 µg Ti) 
and had less than 100 particles detected in each of the controls, so the statistical analysis is likely 
questionable, as there could be a high number of false positive numbers due to instrument noise, 
dust, or carryover with such low particle numbers, despite it testing as significantly different for 
Ti particle means. Samples from Baltimore, MD, taken January 2018, were also analyzed for 
particles, but so few peaks were detected in undiluted samples that it was not statistically 




Figure 4.9. Summary of the mean particle mass for the analyzed spICP-MS data for all sites. The presence of a star indicates that the 




Figure 4.10. Summary of the particle mass distribution widths (reported as one standard 
deviation) for the analyzed spICP-MS data for all sites (identified in figure).  The presence of a 
star indicates that the distribution widths of the control and concrete were significantly different 
at a 95% confidence level. 
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particle analysis from Baltimore, MD that had particle numbers > 500 per sample, which was 
determined to be enough for statistical analysis of distributions.  Conclusions are hard to draw 
about Baltimore, MD except to say numbers of detectable titanium-containing particles were  
low.  Interestingly, Pittsburgh had sufficient numbers of particles to statistically analyze, despite 
also having low monthly Ti masses. At Pittsburgh, PA we analyzed the clear spike in Ti 
concentration for both sample types (Figure 4.3). However, no distribution mean or width was 
different for any Pittsburgh Ti particles. For Corvallis, OR, only July16 and August 2016 were 
analyzed by spICP-MS. The significant difference in the July 2016 distribution widths was 
observed once again, but no means were different for Corvallis, OR nanoparticle.   
Overall, no distribution was significantly different for both the mean particle mass and 
the particle mass width at for any month or location. Unfortunately, no clear data trend emerged 
as being present at all locations, suggesting that particle mass distribution characteristics (mean 
and standard deviation) are not capable of being used for detecting nanoparticle release over 
background, at least for Ti. 
4.4  Summary 
The use of multiple types of analysis of control versus concrete samples in outdoor 
weathering experiments for the most part showed no conclusive evidence of nTiO2 release from 
concrete. Total metal analysis showed that Ca and Si, most likely in some soluble form, are 
released from concrete at most locations and they are correlated with one another in concrete 
samples.  Similarly, Al and Ti are somewhat correlated in background samples, possibly 
reflecting similar mineralogy for these two elements  Imaging showed that in addition to more 
elementally complex particles that contain Ti, TiO2 only particles are present naturally.  The 
presence of natural titanium oxide minerals makes SEM detection of engineered n-TiO2 
impossible. One sample did show the presence of particles consistent with concrete aggregates, 
suggesting Ti may be being released at the Golden, CO site. The lack of consistently different Ti 
mass means and mass distributions in the spICP-MS analysis suggest that this approach cannot 
detect concrete aggregates given the levels of background Ti-containing particles. Therefore, if 
nTiO2 is released from concrete, release is not occurring at levels that significantly elevate the 
background Ti, at least for those cases examined in our study. Given the evidence from TEM 
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images and the nanoparticle mass distributions, an abundance of nTiO2 is already present in 
nature, leading to the question of the significance of nTiO2 release from nanomaterials. 
This study was not designed to isolate the effect of individual climate variables on TiO2 
release. It was rather a study designed to quantitatively measure the amount of TiO2 released 
over a multi-year period under different climate conditions.  As the concrete was exposed to the 
weather it likely was “aged” in some way.  So, for example, if an equivalent amount of monthly 
rainfall was observed near the beginning and ending periods of the study, the rainfall normalized 





CHAPTER 5  
CONCLUSIONS 
5.1  Summary and Conclusions 
The rooftop weathering studies took the weathering of materials out of the lab and into 
real climates having variable environmental conditions. The experiments gave insights into 
actual weathering over time, as well as showcased how the background of natural-occurring 
particles impacts the detectability of engineered particle release. In the weathering design we 
applied here, the material was transforming in response to weather.  The project goal was to 
examine the cumulative release of material over the multi-year study under different climates.  
Which factor or factors stimulated release is difficult to pinpoint, due to lack of control over 
individual climate conditions. However, our approach provides a more realistic snapshot of what 
is happening during the use phase of building materials. Laboratory weathering experiments are 
informative, in that they can pinpoint the impact of individual variables, such a UV exposure or 
rain with highly controlled parameters. Also, properly designed laboratory experiments will have 
little to no background particles, allowing for the detection of nanoparticle release even if 
minimal release has occurred.123  While the outdoor experiments clearly capture reality, 
complementary laboratory studies would help elucidate the role of weathering mechanisms on 
the amount and nature of released nanoparticles.  
Unsurprisingly, release of nanomaterials from building materials is dependent on 
building material properties as well as the nanomaterial properties. Copper carbonate particles 
embedded in wood were subject to release due to the copper being soluble in rainwater; however, 
this effect was promoted in areas where the lumber was subjected to drying and cracking.  This 
process exposes more copper for dissolution and release. Other researchers have shown that the 
amount of Cu released for MCA lumber is lower than that released from ionic copper 
treatments.31,32 In the case of insoluble TiO2 added to concrete, the release of the nanomaterial 
was not confirmed. If we consider the matrix material of concrete, it is porous but more resistant 
than lumber to the impacts of heat and freezing. We would not expect it to crack when suspended 
as it was in the sample jars, and away from contact with the ground. Therefore, the concrete was 
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less likely to alter in a way that exposed more nanomaterial. In fact, the possible presence of an 
altered outer layer, proposed by Bossa, may have encased the nanomaterials. 123 Also, TiO2 is 
insoluble; therefore, just the presence of water would not necessarily stimulate release as was the 
case with the copper carbonate particles.  The implication is that some change would have to 
occur to the surrounding matrix to cause nanoparticle release.   
One potential impact of released copper from the wood was studied in Chapter 3. In 
toxicity tests we assumed the copper was completely dissolved and was the major toxicant, 
although we first had to consider the presence of other antifungal agents, that were present at 
concentrations we determined by literature search to be sublethal. Our results supported this 
latter assumption as the toxicity was the same for both MCA treated-wood leachate and untreated 
wood leachate spiked with ionic copper. The wood was also found to release dissolved organic 
carbon (DOC), not just copper. The co-release of DOC will help protect life from dissolved 
metal toxicity, but not nearly to the extent as other environmental DOC that has a plethora of 
sources.  Indeed, the release of DOC suggests it was not just the copper dissolution that 
promoted release, but that the wood was also breaking down in some manner, perhaps by 
hydrolysis, physical strain due to temperature shifts, or photolysis of chemical bonds in the wood 
constituents.  The correlation between the optical properties of the DOC, and its ability to protect 
against copper toxicity, is consistent with other research where variability in these properties 
were related to DOC source (i.e. allochthonous or autochthonous organic matter).   
5.2  Future Work  
In the weathering design applied, the material was transforming in response to weather 
(i.e. changes in surface area) as well as to the effects of the release (i.e. possible depletion of the 
available pool of nanoparticles). Therefore, to better understand impacts of weather, the 
experiment would need to be re-designed in a way to control or limit material transformation, 
such as putting a fresh puck of concrete or piece of treated lumber out every two weeks or 
month, instead of conducting long-term exposure experiments. The redesign would give a better 
understanding of how major weather variables impacted the material. Release of nanomaterials 
due to two inches of rain falling on a new material is improper to compare to release of 
nanomaterials due to two inches of rain on a material that has weathered for a year. However, 
comparing two inches of rain at different time onto new material may allow for insight into other 
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of weather parameter impacts on release.  Therefore, if greater understanding of the influence of 
weather parameters on particle release is desired, continually replacing the material would be one 
real-world technique that could address this weak point. Also, more climates and locations 
within climates would be necessary to understand individual weather parameter impacts.  
The work detailed here also did not account for the possibility of staining or painting of 
the lumber or concrete surfaces. Therefore, we could investigate if the presence of paint 
decreases the amount of copper released, as we would hypothesize it would.  Also, MCA 
treatments may just be painted on the surface of lumber, which may result releasing more copper 
than the pressure-impregnated version of the treatment, which could be investigated.    
The potential impact of the released copper is not limited to aqueous exposure as shown 
in our research in Chapter 3. Direct soil exposures are possible. Most of the release is likely to 
occur when the lumber is being sawed.  Therefore, depending on the building area, spikes of 
release could occur during construction into soil and drainage areas, which should be 
investigated to understand the maximum release scenarios. Also, the complexity of metal toxicity 
in environments is not limited to just the impact of the organic carbon available; it can also be 
impacted by the presence of other metals in the environment. The impact of DOC type and 
source remains an underexplored question and is difficult to model with our current 
understanding. Therefore, further work into spectral parameters of DOC may provide insight into 
the metal binding capacity, which may prove helpful in regulation of metals.  
Titanium was not shown to be significantly released from the concrete that contained it. 
This observation however is due to the large presence of TiO2 in the atmospheric deposition of 
the weathering areas.  It is not completely clear that the background nTiO2 is all naturally 
occurring. The widespread use of TiO2 particles in paints and cosmetics may be also be a source 
of TiO2 to the environment. As suggested in several studies, further research on the validity of 
using niobium or other elements as a marker for natural versus engineered particles may be 
necessary. This is best done by analyzing original titanium ores and the end product of the two 
main processes of TiO2 manufacturing, sulfidation and the chlorine process.110   
 The elemental dataset collected in this study could also be further examined to promote 
an understanding of the sub-micron (colloidal and nanoparticulate) and soluble dust fraction in 
the five locations where the concrete weathering was conducted. Previous work has suggested 
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that particular elements are associated with anthropological or oceanic dust fractions, which 
could give insight into the major sources of dust.124,125  
Concrete is also a resilient building material and will be exposed to weathering over a 
long-term, even after the use phase.  Work on release after demolition (end-of -life) of nTiO2 
may be important to consider, although some work has already investigated the release of 
nanoscale titanium from landfills suggesting rather low release (~5g/year).126 
As far as techniques go, several new developments could improve particle detection.  
Further use of ICP-MS collision and reaction cells in spICP-MS mode would remove 
interferences and improve the particle detection size limits, allowing for a better understanding 
of the actual nano-size particle distributions. Instruments with higher mass resolution, such as 
mass sector ICP-MS, may be capable of improving detection limits by discriminating analyte 
signal from polyatomic interferences.  A significant new improvement in spICP-MS 
methodology is the replacement of the quadrupole mass detector with a time of flight mass 
spectrometer (spICP-TOF-MS).  It would be informative to apply spICP-TOF-MS to the released 
particles, as it is capable of collecting data on most of the periodic table more rapidly than 
timespan of a particle arriving at the detector (a few hundred milliseconds). Therefore, this 
method allows for gaining knowledge of elements within each particle, not just on a bulk basis. 
The application of this instrument would allow us to understand if the Ti we detected in the 
background was most often individual TiO2 minerals or if the Ti was usually associated with 
another element.  This could tell us if the particle was a soil mineral or, if there was Si and Ca 
associated with the particle, it may represent concrete, thus suggesting release is occurring. If the 
spICP-TOF-MS method were applied, elemental ratios might be used to calculate possible 
mineralogy of the material, not just determine whether Ti was on its own or not.  
Finally, an alternative way of investigating release would be to examine the effects of 
released materials.  For example, doing a photo-reactivity test on the concrete, the leachate 
possibly containing released nTiO2, and the background samples would test if the released 
material is more photoactive than the background particles. It would be an interesting 
investigation, since the background titanium may also be photoactive due to the fact both rutile 
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APPENDIX A  
SUPPLEMENTAL INFORMATION FOR COPPER RELEASE AND 
TRANSFORMATION FOLLOWING NATURAL WEATHERING 
 OF NANO-ENABLED PRESSURE-TREATED LUMBER 
A.1 Acid rinse control studies 
The following experiment was performed to determine the copper recovery from rain 
collection jars. An aqueous copper solution was prepared by soaking a large size of AG MCA 
wood in 1.5L of deionized water for one month. The wood was removed, and the copper 
concentration of the remaining leachate solution was measured with ICP-OES. Six jars 
containing 200mL of this solution were set out on the rooftop (without any wood in the jars).  
Three jars were capped and sealed and three were uncapped. Following one month of weather 
exposure, the solution in all six samples was collected following the collection procedure 
described in the main text and Lankone, et al.1 and analyzed for copper content with ICP-OES. 
The copper recovery for each jar was determined by comparing the recovered copper mass to the 
expected copper mass from 200mL of the initial solution.  Results are listed in Table A.1.  
A.2 The role of MCA-wood size and orientation on copper release 
Three sizes of MCA-wood were selected to weather in order to examine the role of wood 
surface area and/or volume in regulating copper release. Following 18 months of weathering, 
however, it becomes clear that while larger MCA-wood samples generally released slightly more 
copper than the smaller samples, copper release did not strongly depend on the size of wood used 
in this study for samples weathered in all locations. This observation suggested that copper 
release occurred as a result of water striking the fully exposed top face of the sample, where the 
surface area was constant across all sample sizes (19 cm2). The general trend of a slight increase 
in copper release from the medium and large samples can be explained by the increase in surface 
area of the sides of the wood block for these samples which (to a lesser degree) can also serve as 
contact points for rain. 
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Table A.1: Summary of copper recovery for each sample examined in copper recovery control 
experiments. All jars were placed outside to weather and “capped” denotes jars sealed with their 
lids, while “uncapped” jars were left open to the environment. The product of measured copper 
concentration (mg L-1) and volume of water in the jar (L) was used to determine the copper mass 
(mg) recovered in each jar. Initially a block of MCA-wood was soaked in to permit copper 
release and produce a copper solution. 
Cu (mg 
L-1) 
L (vol. in 
jar) 
mg of 
Cu   % recovery 
 
 avg stdev 




10.46 0.100 1.046    




10.65 0.100 1.065    
11.83 0.090 1.065 
capped 
98.1  
10.44 0.100 1.044    




3.44 0.310 1.066    
11.37 0.090 1.023 
uncapped 
100.0  
2.92 0.350 1.023   
 
12.03 0.065 0.782 
uncapped 
89.1  
1.94 0.360 0.697    
11.96        
 
To examine the role of grain orientation in regulating copper release, triplicate cubic inch 
MCA samples (1” x 1” x 1”) were prepared and orientated such that their grain was either 
parallel or perpendicular to incident precipitation and weathered for eight months in Baltimore. 
Grain orientation was found to have a modest but statistically significant effect on copper 
release, with parallel oriented samples releasing approximately 25% more copper than 
perpendicular samples (Figure A.6). This is believed to be the result of samples where the grain 
was parallel to the direction of the rainfall enabling more efficient water transport/Cu migration 
through the wood to the base of the wood from where Cu was ultimately released. 
A.3 Material Characterization: 
A.3.1 Copper concentration distribution: 
 Wood samples for copper concentration analysis from various regions along 
nonweathered and weathered wood using the following procedure: Four 3/16” holes were drilled 
0.2” into the top of the wood, along the sample edges, and the saw dust from these four holes 
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was collected, combined, and weighed for subsequent digestion in a known volume of 
concentrated nitric acid. Another 0.2” depth was drilled into the wood through the existing drill 
holes and the saw dust was also collected, combined, and weighed for digestion. This procedure 
was repeated on the bottom of the wood samples as well. Wood was also drilled out so that a 
0.2” depth of wood could be collected from the center height of the block (1.65” – 1.85”). This 
height specific drilling approach was repeated in the center of the block as well so that the 
copper content along the edges could be compared to the copper content in the center of the 
wood. This approach was also followed for weathered wood samples to determine if there was a 
profile of copper concentration, as a function of depth, remaining in the wood following 
weathering.  
Following wood collection and digestion, all samples were analyzed with Atomic 
Absorption spectroscopy (AAS), performed on an AAnalyst200 (Perkin Elmer), with a Cu 
Lumina Hollow Cathode Lamp (324.75 nm wavelength, 2.7/0.8 slit mm) using 2wt% HNO3 
(trace metal grade) solution (in ultrapure 18 MOhm water) as the blank and the rinse. Each 
sample test was completed in triplicate and performed four times, with all data averaged for 
reporting. In between sample runs, a blank solution was run three times through the sample 
introduction lines o remove any residual copper – in total, 1055 tests were performed. The range 
of copper concentrations used in for standard (calibration) solutions was 0.5 mg L-1, 1 mg L-1, 5 
mg L-1, 10 mg L-1. 
A.3.2 Copper single particle ICP-MS:  
All single particle ICP-MS data was acquired with a PerkinElmer NexION 300D using 
the fast scan method.2 The nano module of PerkinElmer’s Syngistix™ software, was used to 
collect all spICP-MS data. The instrument utilized a glass high-solids nebulizer (Meinhard Type 
C 50psi) and cyclonic spray chamber (Pyrex via Meinhard, Golden, CO) with a quartz ball joint 
injector. Sampler and skimmer cones are nickel with an aluminum hyper skimmer cone. The 
instruments torch position, nebulizer gas flow, and quadruple ion deflectors were tuned daily for 
optimum performance. Nebulizer gas flow was usually between 0.72-0.80 L/min. Argon was 
supplied to the plasma at a rate of 18L/min, and the RF coil was set to 1600W. Detector voltages 
are tuned monthly to maintain good detection.  
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 Transport efficiency of the instrument was determined daily using the mass-based 
method described in Pace et.al 2011 paper: a four standard dissolved gold curve (1-20 µg L-1) 
was analyzed and a triplicate analysis of  60 nm gold NP  (NIST RM 8013) was used to 
determine the transport efficiency.3-4 Dissolved standard curves for copper with five standards 
ranging from 1-50 µg L-1 were prepared daily in MilliQ water, to matrix match samples, and 
analyzed to determine copper concentration and copper mass in copper particle pulses.  
Due to prior issues with drifting copper baseline, all analysis was performed with short 
tubing and direct aspiration, skipping the sample peristaltic pump, and allowing the argon gas 
flow over the nebulizer into the spray chamber to suction the sample into the system. Any 
variation to nebulizer gas flow results in different sample introduction rates so sample uptake 
rate was determined on the day of each analysis by measuring the amount of MilliQ water taken 
up over 2 minutes.  
A.3.3 Electron Microscopy and Energy-dispersive X-ray spectroscopy:  
Leachate prepared as described above for spICP-MS was also filtered onto a 0.05µm 
polycarbonate filter for imaging with scanning electron microscopy (SEM) using a JEOL JSM 
IT100. Samples were sputter coated with gold for 300 seconds prior to imaging. Images were 
collected using an acceleration voltage of 10keV. Energy-dispersive X-ray spectra (EDX) were 
collected as well, utilizing an acceleration voltage of 20keV. Additional SEM images of 
nonweathered MCA wood were also acquired with a FEI Quanta 600 with a tungsten cathode 
under low vacuum (0.98 torr) with backscatter imaging and acceleration voltage of 20kV. 
Samples were small slices of MCA wood no more than 3 cm across and less than 2mm thick 
without coating. EDX was used to identify elements present on sample.  
A.3.4 Conversion of ICP-MS Pulse data into Particle Size 
 Determination of transport efficiency and conversion of pulse data into nanoparticle 
mass or size data is thoroughly explained in Pace et.al 2011 and its correction.3-4 In brief, the 
standard curve is converted from an intensity to concentration curve to an intensity per dwell 
time so that we can use a mass per event for particle mass conversions ug/event using equation 1.  
Each pulse is considered an event and the mass of the analyte (in this case Cu) is determined.   
Eq. 1     𝑊 = [𝜂𝑛 ∗ 𝑞𝑙𝑖𝑞 ∗ 𝑡𝑑𝑡 ∗ 𝐶]                                            
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Eq 1. W is the mass observed per event (µg/event). Where ηn is the transport efficiency, 
qliq is the flow rate (mL/ms) and C is the analyte concentration (μg/mL).  
 The transformed standard curve may be used to calculate the mass per particle event. A 
correction for the analyte, or copper, percentage in the particle composition is also necessary.   
From there, if we assume the particle is spherical and has the same density as bulk copper 
carbonate, we then use the trigonometric equation 2 to calculate the size of particle from particle 
mass.   
                 Eq. 2         𝑑 = √6∗𝑚𝑝𝜌∗𝜋3  
Equation 2: Spherical diameter (d) is calculated from the equation for a sphere and 
particle density (ρ) and particle mass (mp).  
Minimum and maximum sizes are tabulated in Table 2.3. The minimum size is limited by 
the background or the ability to define a pulse above background. This ability is decreased when 
there is a lot of background signal, as in our samples.  The higher the background signal, the 
larger the smallest detectable size.  Therefore, the minimum size detected is larger in unfiltered 
samples than in filtered samples. Some of the background is contributed to particles which are 
removed in the filter process, likely because filtration is an imperfect process and sometimes 
removes particles smaller than its pore size. Also, a filter could be removing large particles of 
wood with trace amounts of copper which contributes to the background.  Perkin Elmer 
Syngistix software identified the pulses and applied these calculations to the particles, based on 
the density, flow rates, percent copper, and transport efficiency determined and input by the 
instrument operator.  
A.3.5 ICP-OES Analysis 
 Copper concentrations present in collected rainwater runoff samples were determined 
with ICP-OES analyses. Samples were filtered with 0.45µm filters prior to analysis.  A 
PerkinElmer Optima 5300DV was used for the first portion of the study until the lab acquired a 
PerkinElmer Optima 8300 in July of 2017.  Results lower than the detection limit were reported 
as BDL and graphed as zero. A cyclonic spray chamber with a high solids Meinhard nebulizer 
was used for sample introduction on both instruments.  For the Optima 5300DV the nebulizer 
gas flow rate was set to 0.65 L/min and a sample uptake rate of 1.2 mL/min was used. Argon 
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flow to the plasma was 16mL/min with an RF power of 1.5kW to keep conditions robust.  
Optima 8300 settings: nebulizer gas flow 0.68 L/min, plasma gas flow 12L/min, RF Power 
1.5kW and pump flow rate 1.2mL/min. The analysis method was based loosely on EPA method 
200.7 but excluded silver and mercury. Additionally, calibration checks were performed every 
10 samples not every 15 samples.  The instrument was calibrated daily. All analysis included a 
10 mg L-1 Sc solution that is mixed in with a mixing T prior to nebulization and continuing 
calibration verification checks were run every ten samples to monitor instrument performance. 
A.3.6 Attenuated Total Internal Reflectance-FTIR:  
Spectra were collected with a Nicolet iS5 FTIR spectrometer, equipped with a diamond 
window. The manufacturer reports a sampling depth of approximately two microns for the 
diamond window. Samples were analyzed at a resolution of 0.482 cm−1, with 32 scans. Each 
ATR-FTIR was referenced to the ambient atmosphere. 
A.3.7 End-of-life Testing: 
Before performing the modified TCLP on the regionally weathered samples, the 
preliminary analysis and TCLP of a nonweathered sample was performed per the USEPA Test 
Methods for Evaluating Solid Waste: Physical/Chemical Methods (SW-846 method 1311). This 
included phase(s) determination of sample (assumed 100% solid), prescribed particle reduction 
requirements of passing a 9.5 mm sieve or surface area to mass ratio greater than 3.1 cm2/g, and 
extraction fluid determination (EF #1). The results from the preliminary analysis were used in 
identifying appropriate extraction fluid and most realistic testing conditions for the weathered 
samples. 
No sample preparation was applied for all weathered pressure treated lumber samples for 
size reduction, this was to more accurately represent the condition of the samples in real world 
environments. All samples had relative dimensions of 2” x 1.5” x 2.25” with masses ranging 
from ~40 – 80 grams. Extraction fluid #1 was prepared by using the method listed in SW-846 
method 1311 section 5.7.1 with reagent grade Glacial Acetic Acid (99%) and a 1N solution of 
Sodium Hydroxide. Each sample was weighed before being placed into separate 2L HDPE 
extraction vessels. Once weighed the mass of EF needed per sample was determined using the 
following formula from SW-846 method 1311 section 7.2.11, where:  EF Weight= (20*percent 
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solid*sample mass)/100 and added to the extraction vessel. Each sample was then closed/labeled 
and sealed with tamper tape, secured in rotary agitator, and agitated for a duration of 18 + 2 hrs. 
Upon completion of agitation all samples were filtered with acid washed borosilicate 
fiber filter with a pore size of 0.7 μm (Ahlstrom grade 151-25), using a Kontes Ultraware 300 
mL microfiltration assembly. Immediate preservation using ultrapure nitric acid was performed 
on each sample, acid was added to sample until the measured pH was below 2.0. All samples 
were stored in refrigerated units until ICP-OES analysis was to be performed.  
 
  
Figure A.1: a) Active outdoor weathering set, with sample jars secured in cinderblocks and 




Figure A.2: Climate map shows climate diversity across all weathering locations.   (Map retrieved from Health, I. f. V. P. World 







Figure A.3: Summary of weather data collected at each weathering location: a) cumulative 
precipitation, b) average monthly temperature, c) cumulative visible solar irradiance, d) 
cumulative UV index. 
Figure A.4: ATR-FTIR spectra collected from nonweathered and weathered samples (18 





Figure A.5: (Left) Copper concentration as measured by atomic absorption spectroscopy 
following acid digestion of wood samples collected from different depths and locations 
throughout an nonweathered pressure treated wood sample. (Right) Schematic of orientation 
labels. 
  
Figure A.6: Copper release (mg) measured from cubic wood samples 
























Figure A.7: Average copper release (mg) from triplicate heated 
and UVB irradiated samples compared to triplicate samples stored 





Figure A.7: SEM-EDX finds that smooth regions of copper sawdust samples are absent of any 




Figure A.8: Calibration curve for spICP-MS analysis of copper established the 
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APPENDIX B  
SUPLLEMENTAL INFORMATION FOR TOXICITY OF COPPER IN LEACHATE 
FROM MICRONIZED COPPER AZOLE-TREATED WOOD TO DAPHNIA MAGNA, 
AND IMPLICATIONS FOR PREDICTING THE PROTECTIVE EFFECT OF 






treated wood exposed to 
weathering during 
rooftop experiment in 
Golden, Colorado, USA.  
The water is from a 
recent rainfall.  The 
yellow color is dissolved 
organic carbon that was 
not present in control 
jars that contained no 





B.0 Modeling of Exposure Water Composition 
In some cases, pH measurements were considered unreliable, presumably due to 
unacceptable pH-probe performance. It was also the case that at some of the high copper 
concentrations alkalinity was reduced using an acidified copper standard as a spiking solution. In 
both these cases Visual MINTEQ was used to compute pH and alkalinity, the latter also being 
measured by titration. The measured values of all the components of MHRW were input into the 
model as components.  The H+ ion concentration was also added as a component, based on the 
measured nitrate, which was introduced from the copper ICP standard (3 % nitric acid). The 
model was equilibrated to the atmospheric partial pressure of CO2 present at the elevation of 
Golden, CO.  The predicted pH values were confirmed by close agreement between the Visual 





Table B1:  Concentrations (mg L-1) of elements in 10x diluted leachates of MCA-treated wood in 
ultrapure water and (MHRW), with a Sc internal standard. One and two were replicate leaches.  
BDL = below detection limit; NA = not applicable. 
(Note: This does not match the average of the values in the appendix table due to the fact the 
duplicate leachates were combined and re-analyzed by ICP-MS prior to diluting into exposure 
solutions.  While MHRW leachate from the control wood contained and average of 227 mg DOC 




limit MilliQ -1 MilliQ-2 MHRW-1 MHRW 2 
Sc 357.634-A IS NA 103.72 105.09 102.57 102.37 
Sc 361.383-R IS NA 104.21 106.57 105.77 105.82 
Al 308.215-A  0.0205 BDL BDL BDL BDL 
As 188.979-A 0.0047 0.0502 0.0512 0.0434 0.0354 
B 249.772-R 0.0459 0.0985 0.0650 0.0505 BDL 
Ba 233.527-A 0.0001 0.0048 0.0036 0.0036 0.0029 
Be 313.107-R 0.0002 0.0029 0.0005 0.0003 BDL 
Ca 315.887-R 0.0064 0.4730 0.4922 13.7236 13.6080 
Cd 214.440-A 0.0001 0.0023 0.0006 0.0004 0.0001 
Co 228.616-A 0.0002 0.0020 0.0006 BDL BDL 
Cr 205.560-A 0.0003 0.0309 0.0316 0.0316 0.0246 
Cu 324.752-A 0.0011 0.6019 0.6366 0.3718 0.2900 
Fe 238.204-A 0.0003 0.0010 BDL BDL BDL 
K 766.490-R 0.0323 0.5564 0.5766 2.9354 2.7701 
Li 670.784-R 0.0014 0.0057 BDL 0.0027 0.0016 
Mg 279.553-R 0.0001 0.2518 0.2625 12.2277 12.3712 
Mg 285.213-R 0.0014 0.2555 0.2591 12.2791 12.3147 
Mn 257.610-A* 
 
0.1427 0.1484 0.1202 0.0996 
Na 589.592-R 0.1345 0.1783 0.1421 28.6141 28.4424 
Ni 231.604-A 0.0005 0.0044 0.0015 0.0009 0.0008 
P 177.434-A 0.0106 0.0665 0.0613 0.0521 0.0430 
Pb 220.353-A 0.0020 0.0054 0.0032 0.0021 BDL 
S 180.669-A 0.0276 BDL BDL 30.9715 31.1297 
Se 196.026-A 0.0100 BDL BDL BDL BDL 
Si 251.611-A* 0.0114 0.5181 0.1772 0.0861 0.0452 
Sr 407.771-R* 0.0001 0.0065 0.0022 0.0828 0.0831 
Tl 190.801-A 0.0018 0.0048 0.0026 BDL BDL 
V 292.402-A* 0.0008 0.0022 BDL BDL BDL 
Zn 213.857-A 0.0003 0.0080 0.0062 0.0079 0.0060 
Sn 189.927 0.0017 BDL BDL BDL BDL 
Mo 202.031 0.0010 0.0059 0.0017 0.0016 BDL 
Sb 217.582 0.0051 BDL BDL BDL BDL 
Ti 334.940 0.0002 BDL BDL BDL BDL 
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Table B.2. (Next Page) Water chemistry the Cu toxicity tests with four exposure-water 
types that was input into the Windward Biotic Ligand Model (BLM Version 3.41.2.45) 
speciation calculations and predictions of median effect concentrations.  Except for pH, 
Cu, and alkalinity, the data are average measured water chemistry from all exposures in 
all four toxicity tests, because the same batch of Moderately Hard Reconstituted Water 
(MHRW) was used to prepare all treatments in the MHRW and Suwannee River (SRFA) 
tests and the leachates of control (Untreated) and MCA-treated wood. Each treatment had 
4 replicate exposure cups with 5 daphnids. Untreated 0 acts as the no copper treatment 



































MHRW-0 18 8.28 0.74 0.72 10.0 15.03 12.65 27.43 2.20 58.99 2.00 41.6 1x10-10 0 
MHRW-7.5 18 8.27 5.05 0.72 10.0 15.03 12.65 27.43 2.20 58.99 2.00 51.6 1x10
-10 0 
MHRW-15 18 8.26 10.84 0.72 10.0 15.03 12.65 27.43 2.20 58.99 2.00 51.2 1x10
-10 20 
MHRW-30 18 8.22 24.49 0.72 10.0 15.03 12.65 27.43 2.20 58.99 2.00 44.0 1x10
-10 75 
MHRW-45 18 8.19 35.87 0.72 10.0 15.03 12.65 27.43 2.20 58.99 2.00 42.4 1x10
-10 90 
MHRW-60 18 8.15 50.46 0.72 10.0 15.03 12.65 27.43 2.20 58.99 2.00 40.8 1x10
-10 100 
SRFA-0 18 8.27 0.27 3.13 10.0 15.03 12.65 27.43 2.20 58.99 2.00 46.8 1x10
-10 0 
SRFA-20 18 8.23 15.77 3.13 10.0 15.03 12.65 27.43 2.20 58.99 2.00 40.0 1x10
-10 0 
SRFA-40 18 8.18 35.56 3.13 10.0 15.03 12.65 27.43 2.20 58.99 2.00 38.0 1x10
-10 15 
SRFA-60 18 8.11 57.94 3.13 10.0 15.03 12.65 27.43 2.20 58.99 2.00 34.8 1x10
-10 40 
SRFA-80 18 8.06 70.24 3.13 10.0 15.03 12.65 27.43 2.20 58.99 2.00 30.4 1x10
-10 45 
SRFA-100 18 7.98 87.71 3.13 10.0 15.03 12.65 27.43 2.20 58.99 2.00 26.4 1x10
-10 85 
Untreated-0 18 8.28 0.41 3.04 10.0 15.03 12.65 27.43 2.20 58.99 2.00 50.0 1x10
-10 0 
Untreated-15 18 8.26 8.43 3.04 10.0 15.03 12.65 27.43 2.20 58.99 2.00 47.2 1x10
-10 0 
Untreated-30 18 8.23 22.96 3.04 10.0 15.03 12.65 27.43 2.20 58.99 2.00 47.2 1x10
-10 40 
Untreated-45 18 8.18 39.32 3.04 10.0 15.03 12.65 27.43 2.20 58.99 2.00 40.8 1x10
-10 85 
Untreated-60 18 8.15 49.49 3.04 10.0 15.03 12.65 27.43 2.20 58.99 2.00 39.6 1x10
-10 100 
Untreated-75 18 8.10 63.10 3.04 10.0 15.03 12.65 27.43 2.20 58.99 2.00 35.6 1x10
-10 95 
MCA-treated-15 18 8.28 12.47 3.00 10.0 15.03 12.65 27.43 2.20 58.99 2.00 51.2 1x10
-10 15 
MCA-treated-22.5 18 8.28 20.02 2.86 10.0 15.03 12.65 27.43 2.20 58.99 2.00 52.4 1x10
-10 30 
MCA-treated-30 18 8.28 27.04 2.79 10.0 15.03 12.65 27.43 2.20 58.99 2.00 49.2 1x10
-10 55 
MCA-treated-45 18 8.28 45.46 2.89 10.0 15.03 12.65 27.43 2.20 58.99 2.00 48.8 1x10
-10 85 
MCA-treated-60 18 8.28 60.89 2.65 10.0 15.03 12.65 27.43 2.20 58.99 2.00 48.0 1x10
-10 95 



































MHRW-0 18 7.17 0.74 0.72 10.00 14.50 12.37 26.88 2.11 57.06 1.91 41.60 
MHRW-7.5 18 7.20 5.05 0.72 10.00 14.84 12.61 27.33 2.21 55.59 2.00 51.60 
MHRW-15 18 7.19 10.84 0.72 10.00 14.53 12.37 26.88 2.16 54.86 1.96 51.20 
MHRW-30 18 7.07 24.49 0.72 10.00 14.16 11.88 25.79 1.89 58.43 1.71 44.00 
MHRW-45 18 7.08 35.87 0.72 10.00 14.01 11.93 25.81 1.84 54.39 1.67 42.40 
MHRW-60 18 7.04 50.46 0.72 10.00 13.77 11.70 25.28 1.85 57.62 1.67 40.80 
SRFA-0 18 7.20 0.27 3.13 10.00 13.98 11.69 24.94 1.87 54.14 1.69 46.80 
SRFA-20 18 7.17 15.77 3.13 10.00 14.43 12.00 25.48 1.64 54.91 1.49 40.00 
SRFA-40 18 7.25 35.56 3.13 10.00 15.08 12.60 27.07 2.19 60.45 1.99 38.00 
SRFA-60 18 7.22 57.94 3.13 10.00 15.42 12.92 27.81 2.17 60.51 1.97 34.80 
SRFA-80 18 7.10 70.24 3.13 10.00 15.55 13.04 28.14 2.30 60.97 2.08 30.40 
SRFA-100 18 7.01 87.71 3.13 10.00 16.04 13.38 28.89 2.30 61.01 2.08 26.40 
Untreated-0 18 6.39 0.41 3.04 10.00 15.78 13.08 28.47 2.47 60.14 2.24 50.00 
Untreated-15 18 7.14 8.43 3.04 10.00 15.94 13.17 28.55 2.14 58.87 1.94 47.20 
Untreated-30 18 7.14 22.96 3.04 10.00 15.81 13.28 28.80 2.35 61.32 2.13 47.20 
Untreated-45 18 7.11 39.32 3.04 10.00 15.08 12.51 27.32 2.22 62.20 2.01 40.80 
Untreated-60 18 7.11 49.49 3.04 10.00 15.65 13.06 28.29 2.30 59.01 2.08 39.60 
Untreated-75 18 7.13 63.10 3.04 10.00 16.08 13.32 28.87 2.52 60.59 2.29 35.60 
MCA-treated-15 18 7.22 12.47 3.00 10.00 14.87 12.60 27.69 2.42 64.22 2.19 51.20 
MCA-treated-22.5 18 7.25 20.02 2.86 10.00 14.98 12.79 28.18 2.46 59.60 2.23 52.40 
MCA-treated-30 18 7.26 27.04 2.79 10.00 15.04 12.74 27.95 2.40 60.87 2.17 49.20 
MCA-treated-45 18 7.17 45.46 2.89 10.00 15.05 12.91 28.24 2.44 61.19 2.22 48.80 
MCA-treated-60 18 7.14 60.89 2.65 10.00 14.99 12.82 27.83 2.42 60.30 2.20 48.00 






APPENDIX C  















Table C.1: (Next page) ICP-OES analysis wavelengths and detection limits for the TiO2 
rooftop analysis. An A following the Element and Wavelength indicates an axial view and R 
indicates a radial view.  
*Ar is monitored as an internal standard to monitor the plasma conditions throughout analysis. Pt was 
included as an internal standard at 10 mg L-1 and therefore no DL was determined for the method.  


































Detection Limit 1  
(mg L-1) 
Detection Limit 2  
(mg L-1) 
Ar 420.069 - A (IS) NA* NA* 
Pt 265.945 (IS) NA* NA* 
Al 396.153 - A 0.0011 0.0039 
As 188.979 - A 0.0080 0.0120 
B 249.677 - R 0.0161 0.8264 
Ba 233.527 - A 0.0003 0.0003 
Be 313.107 - R 0.0002 0.0003 
Ca 317.933 - A 0.0254 0.0136 
Cd 214.440 - A 0.0006 0.0021 
Co 228.616 - A 0.0011 0.0006 
Cr 205.560 - A 0.0007 0.0007 
Cu 324.752 - A 0.0057 0.0157 
Fe 238.204 - A 0.0016 0.0325 
K 766.490 - R 0.1081 0.2521 
La 408.672 0.0000 0.0011 
Li 670.784 - R 0.0049 0.0047 
Mg 279.077 - R 0.0044 0.0363 
Mg 285.213 - R 0.0203 0.0089 
Mn 257.610 - A 0.0002 0.0006 
Mo 202.031 - A 0.0012 0.0015 
Na 589.592 - R 0.0193 0.0231 
Ni 231.604 - A 0.0015 0.0011 
P 177.434 - A 0.0231 0.0133 
P 213.617 - A 0.0128 0.0089 
Pb 220.353 - A 0.0050 0.0046 
Rb 420.185^ 0.0000 0.0000 
Rb 780.023^ 0.0000 0.0000 
S 180.669 - A 0.0148 0.0242 
S 181.975 - A 0.0072 0.0409 
Sb 217.582 - A 0.0037 0.0060 
Se 196.026 - A 0.0082 0.0131 
Si 251.611 - A 0.1031 0.4942 
Sn 189.927 - A 0.0054 0.0047 
Sr 460.733 - A 0.0003 0.0015 
Ti 334.940 - A 0.0001 0.0007 
Tl 190.801 - A 0.0105 0.0057 
V 292.402 - A 0.0004 0.0020 
Y 371.029 -A 0.0000 0.0003 
Zn 206.200 - A 0.0023 0.0016 
Zn 213.857 - A 0.0023 0.0017 
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Table C.2. OES Instrument Settings for metals analysis of TiO2 concrete samples 
Parameter Setting 
Plasma Argon Flow 12 (L/min) 
Auxiliary Gas Flow 0.2 (L/min) 
Nebulizer Argon Flow 0.6 (L/min) 
Sample flow rate 0.9 (mL/min) 
 
 
Table C.3.ICP-MS Instrument Analysis Settings 
Parameter Setting 
Plasma Argon Flow 18 (L/min) 
Nebulizer Argon Flow 0.7-0.85 (L/min) 
Auxiliary Gas Flow 1.2  
ICP RF 1600 
Sample flow rate 0.33 (mL/min) 
RPq 0.25 
Dwell Time 100µs 
  
The ICP-MS was tune daily prior to analysis. The torch position, quadrupole ion deflector, and nebulizer 
gas flow were optimized daily to maintain maximum in detector response and keeping the oxides and 





















Element and Wavelength Calibration Concentration  Calibration Standard Information 
Ar 420.069 - A (IS) NA* NA* 
Pt 265.945 (IS) NA* NA* 
Al 396.153 - A 10 High Purity Standard QCS-7-M in 2%HNO3 
As 188.979 - A 10 AccuStandard QCS 01-5  
B 249.677 - R 10 High Purity Standard QCS-7-M in 2%HNO3 
Ba 233.527 - A 1.0 High Purity Standard QCS-7-M in 2%HNO3 
Be 313.107 - R 10 AccuStandard QCS 09-5  
Ca 317.933 - A 10 AccuStandard QCS 09-5  
Cd 214.440 - A 10 AccuStandard QCS 09-5  
Co 228.616 - A 10 AccuStandard QCS 09-5  
Cr 205.560 - A 10 AccuStandard QCS 09-5  
Cu 324.752 - A 10 AccuStandard QCS 09-5  
Fe 238.204 - A 10 AccuStandard QCS 09-5  
K 766.490 - R 10 High Purity Standard QCS-7-M in 2%HNO3 
La 408.672 10 High Purity Standard Calib Std #1 Rare Earth 
Metals MISA-01-1 
Li 670.784 - R 10 AccuStandard QCS 09-5  
Mg 279.077 - R 10 AccuStandard QCS 09-5  
Mg 285.213 - R 10 AccuStandard QCS 09-5  
Mn 257.610 - A 10 AccuStandard QCS 09-5  
Mo 202.031 - A 10 AccuStandard QCS 09-5  
Na 589.592 - R 10 High Purity Standard QCS-7-M in 2%HNO3 
Ni 231.604 - A 10 AccuStandard QCS 09-5  
P 177.434 - A 10 AccuStandard QCS 09-5  
P 213.617 - A 10 AccuStandard QCS 09-5  
Pb 220.353 - A 10 AccuStandard QCS 09-5  
Rb 420.185^ 10  
Rb 780.023^ 10  
S 180.669 - A 100 High-Purity Standard Sulfur 10M54-5 
S 181.975 - A 100 High-Purity Standard Sulfur 10M54-5 
Sb 217.582 - A 10 AccuStandard QCS 09-5  
Se 196.026 - A 10 AccuStandard QCS 09-5  
Si 251.611 - A 10 High Purity Standard QCS-7-M in 2%HNO3 
Sn 189.927 - A 10 AccuStandard QCS 09-5  
Sr 460.733 - A 1.0 High Purity Standard Strontium 100053-1 
Ti 334.940 - A 10 AccuStandard QCS 09-5  
Tl 190.801 - A 10  
V 292.402 - A 10 AccuStandard QCS 09-5  
Y 371.029 -A 10 High Purity Standard Calib Std #1 Rare Earth 
Metals MISA-01-1 
Zn 206.200 - A 10 AccuStandard QCS 09-5  






Figure C.1. Close up of puck in glass quart jar used as weathering container 
 
 
Figure C.2. Set-up on roof for exposing Ti concrete puck 
 






Figure C.3. Temperature at all five locations for the weathering time. Data points are average of data collected every half hour; error 


















Table C.5. Correlation coefficients of selected elements in Tempe, AZ Control samples across all months. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75
 
Al Ba Ca Fe K La M Mn P S Si Sr Ti V Y Zn  
Al 1.00 
               
Ba 0.71 1.00 
              
Ca 0.79 0.94 1.00 
             
Fe 0.75 0.87 0.94 1.00 
            
K 0.81 0.88 0.95 0.97 1.00 
           
La 0.96 0.69 0.78 0.75 0.79 1.00 
          
Mg 0.81 0.93 0.98 0.96 0.95 0.80 1.00 
         
Mn 0.36 0.66 0.67 0.74 0.66 0.30 0.71 1.00 
        
P 0.80 0.92 0.98 0.93 0.94 0.79 0.97 0.65 1.00 
       
S 0.70 0.89 0.91 0.81 0.88 0.64 0.87 0.62 0.89 1.00 
      
Si 0.82 0.90 0.94 0.90 0.92 0.77 0.94 0.72 0.93 0.87 1.00 
     
Sr 0.41 0.20 0.30 0.42 0.39 0.40 0.36 0.55 0.29 0.28 0.35 1.00 
    
Ti 0.82 0.91 0.97 0.96 0.95 0.80 0.99 0.74 0.95 0.84 0.97 0.38 1.00 
   
V 0.80 0.91 0.97 0.97 0.95 0.80 0.99 0.72 0.95 0.83 0.95 0.36 0.99 1.00 
  
Y 0.96 0.68 0.78 0.75 0.79 0.99 0.81 0.32 0.78 0.65 0.76 0.44 0.80 0.79 1.00 
 







Table C.6. Element correlation coefficients   in Tempe, AZ concrete samples across all months analyzed. Green text is correlation 






Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn  
Al 1.00 
               
Ba 0.58 1.00 
              
Ca 0.40 0.59 1.00 
             
Fe 0.75 0.77 0.48 1.00 
            
K 0.43 0.44 0.58 0.46 1.00 
           
La 0.93 0.57 0.35 0.76 0.35 1.00 
          
Mg 0.77 0.87 0.63 0.95 0.48 0.77 1.00 
         
Mn 0.30 0.59 0.42 0.69 0.35 0.29 0.65 1.00 
        
P 0.72 0.84 0.54 0.91 0.45 0.71 0.96 0.63 1.00 
       
S 0.06 0.22 0.83 0.01 0.53 -0.01 0.17 0.10 0.07 1.00 
      
Si 0.68 0.88 0.69 0.79 0.58 0.66 0.88 0.63 0.82 0.36 1.00 
     
Sr 0.31 0.09 0.44 0.28 0.26 0.36 0.27 0.45 0.17 0.37 0.27 1.00 
    
Ti 0.80 0.78 0.50 0.96 0.44 0.81 0.96 0.68 0.92 0.01 0.81 0.25 1.00 
   
V 0.36 0.49 0.87 0.39 0.81 0.27 0.50 0.34 0.42 0.84 0.64 0.39 0.38 1.00 
  
Y 0.93 0.58 0.42 0.76 0.39 0.98 0.79 0.34 0.72 0.06 0.69 0.43 0.81 0.34 1.00 
 







Table C.7. Element correlation coefficients in Golden, CO control samples across all months analyzed. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75 
CSM Control Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn 
Al 1.00 
               
Ba 0.57 1.00 
              
Ca 0.53 0.76 1.00 
             
Fe 0.51 0.43 0.23 1.00 
            
K 0.55 0.50 0.59 0.45 1.00 
           
La 0.61 0.58 0.60 0.37 0.53 1.00 
          
Mg 0.71 0.86 0.82 0.52 0.64 0.75 1.00 
         
Mn 0.69 0.71 0.62 0.57 0.46 0.70 0.85 1.00 
        
P 0.41 0.45 0.62 0.14 0.63 0.42 0.55 0.37 1.00 
       
S 0.47 0.60 0.92 0.10 0.51 0.45 0.64 0.47 0.53 1.00 
      
Si 0.81 0.72 0.58 0.73 0.59 0.76 0.86 0.85 0.41 0.43 1.00 
     
Sr 0.34 0.53 0.66 0.21 0.53 0.65 0.68 0.57 0.27 0.54 0.49 1.00 
    
Ti 0.71 0.66 0.49 0.80 0.53 0.67 0.85 0.84 0.29 0.32 0.94 0.49 1.00 
   
V 0.70 0.55 0.63 0.65 0.56 0.70 0.76 0.75 0.39 0.58 0.87 0.43 0.83 1.00 
  
Y 0.73 0.61 0.66 0.30 0.59 0.85 0.76 0.68 0.48 0.54 0.74 0.62 0.61 0.63 1.00 
 











Table C.8. Element correlation coefficients in Golden, CO concrete samples across all months analyzed. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75. 
 
Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn 
Al 1.00 
               
Ba 0.54 1.00 
              
Ca 0.32 0.62 1.00 
             
Fe 0.36 0.19 -0.14 1.00 
            
K 0.27 0.40 0.69 0.04 1.00 
           
La 0.71 0.62 0.46 0.18 0.32 1.00 
          
Mg 0.56 0.80 0.87 0.06 0.50 0.71 1.00 
         
Mn 0.74 0.70 0.39 0.32 0.19 0.81 0.72 1.00 
        
P 0.49 0.44 0.36 0.04 0.27 0.49 0.47 0.45 1.00 
       
S 0.21 0.44 0.89 -0.04 0.85 0.25 0.67 0.17 0.21 1.00 
      
Si 0.51 0.64 0.86 0.21 0.60 0.54 0.86 0.52 0.27 0.80 1.00 
     
Sr 0.42 0.46 0.64 0.01 0.45 0.70 0.68 0.59 0.26 0.48 0.60 1.00 
    
Ti 0.76 0.62 0.20 0.57 0.14 0.77 0.58 0.88 0.35 0.05 0.43 0.46 1.00 
   
V 0.30 0.47 0.89 0.03 0.87 0.34 0.70 0.25 0.24 0.97 0.85 0.57 0.16 1.00 
  
Y 0.75 0.56 0.45 0.19 0.36 0.95 0.67 0.77 0.50 0.29 0.57 0.61 0.72 0.38 1.00 
 











Table C.9. Element correlation coefficients in Baltimore, MD Control samples across all months analyzed. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75 
Control Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn 
Al 1.00                
Ba 0.09 1.00               
Ca 0.65 0.34 1.00              
Fe 0.55 0.36 0.40 1.00             
K 0.23 0.00 0.26 0.33 1.00            
La 0.51 -0.02 0.34 0.18 0.15 1.00           
Mg 0.66 0.33 0.73 0.59 0.29 0.44 1.00          
Mn 0.57 0.28 0.59 0.73 0.46 0.45 0.56 1.00         
P 0.27 0.08 0.25 0.42 0.54 0.09 0.26 0.53 1.00        
S 0.59 0.46 0.82 0.50 0.43 0.28 0.55 0.72 0.36 1.00       
Si 0.32 0.01 0.73 0.03 0.04 0.00 0.16 0.22 0.06 0.48 1.00      
Sr 0.22 -0.01 0.22 0.19 0.63 0.20 0.15 0.35 0.18 0.45 0.02 1.00     
Ti 0.55 0.39 0.39 0.61 0.24 0.19 0.45 0.59 0.14 0.53 0.05 0.40 1.00    
V 0.26 0.01 0.69 -0.05 -0.04 -0.03 0.10 0.14 0.02 0.41 0.99 -0.05 -0.02 1.00   
Y 0.60 0.01 0.38 0.39 0.17 0.59 0.54 0.49 0.05 0.38 0.03 0.33 0.37 -0.03 1.00  











Table C.10. Element correlation coefficients in Baltimore, MD samples across all months analyzed. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75 
concrete Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn 
Al 1.00                
Ba -0.05 1.00               
Ca 0.30 0.65 1.00              
Fe -0.05 0.24 0.11 1.00             
K 0.21 0.13 0.17 0.34 1.00            
La 0.19 -0.25 -0.14 0.19 0.05 1.00           
Mg 0.32 0.61 0.61 0.46 0.25 0.03 1.00          
Mn 0.04 0.13 0.12 0.71 0.19 0.39 0.48 1.00         
P 0.00 -0.07 0.01 0.24 0.19 -0.06 0.35 0.31 1.00        
S 0.26 0.09 0.22 0.32 0.83 0.11 0.28 0.21 0.19 1.00       
Si 0.15 0.74 0.83 0.22 0.32 -0.09 0.67 0.26 0.00 0.34 1.00      
Sr 0.40 -0.19 0.43 -0.02 0.28 0.07 0.18 0.07 0.26 0.30 0.17 1.00     
Ti 0.11 0.56 0.35 0.61 0.35 0.11 0.47 0.51 0.00 0.35 0.44 0.01 1.00    
V 0.24 0.45 0.56 0.29 0.73 0.02 0.51 0.26 0.11 0.82 0.78 0.24 0.42 1.00   
Y 0.31 -0.14 0.15 0.03 0.12 0.25 0.04 -0.02 -0.07 0.09 0.09 0.33 -0.01 0.15 1.00  











Table C.11. Element correlation coefficients in Corvallis, OR Control samples across all months analyzed. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75 
Control Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn  
Al 1.00 
               
Ba 0.18 1.00 
              
Ca 0.30 0.18 1.00 
             
Fe 0.44 0.15 0.14 1.00 
            
K 0.29 0.13 0.83 0.16 1.00 
           
La 0.75 0.11 0.53 0.29 0.55 1.00 
          
Mg 0.39 0.33 0.68 0.23 0.43 0.40 1.00 
         
Mn 0.64 0.30 0.60 0.39 0.40 0.60 0.81 1.00 
        
P 0.20 0.11 0.46 -0.04 0.21 0.27 0.84 0.63 1.00 
       
S 0.20 0.21 0.93 0.06 0.77 0.45 0.76 0.61 0.65 1.00 
      
Si 0.90 0.17 0.44 0.40 0.40 0.80 0.44 0.59 0.22 0.30 1.00 
     
Sr 0.30 0.17 0.64 0.32 0.56 0.53 0.41 0.47 0.08 0.59 0.35 1.00 
    
Ti 0.99 0.20 0.34 0.46 0.34 0.76 0.39 0.65 0.19 0.24 0.88 0.33 1.00 
   
V 0.51 0.14 0.86 0.21 0.77 0.75 0.51 0.62 0.35 0.77 0.69 0.58 0.55 1.00 
  
Y 0.73 0.13 0.52 0.30 0.53 0.87 0.55 0.72 0.39 0.50 0.69 0.52 0.74 0.60 1.00 
 











Table C.12. Element correlation coefficients in Corvallis, OR concrete samples across all months analyzed. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75. 
Concrete Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn 
Al 1.00 
               
Ba 0.07 1.00 
              
Ca -0.26 0.67 1.00 
             
Fe 0.72 0.27 0.08 1.00 
            
K 0.05 0.52 0.56 0.12 1.00 
           
La 0.44 -0.14 -0.23 0.41 -0.18 1.00 
          
Mg -0.11 0.75 0.84 0.18 0.50 -0.01 1.00 
         
Mn 0.52 0.29 -0.03 0.40 -0.06 0.41 0.37 1.00 
        
P 0.02 0.22 0.04 -0.16 -0.03 0.13 0.42 0.69 1.00 
       
S -0.04 0.53 0.67 0.06 0.88 -0.12 0.62 -0.01 0.01 1.00 
      
Si -0.06 0.66 0.82 0.14 0.87 -0.21 0.68 -0.09 -0.08 0.90 1.00 
     
Sr -0.26 0.21 0.64 0.14 0.39 0.07 0.55 -0.07 -0.14 0.59 0.58 1.00 
    
Ti 0.92 0.02 -0.30 0.79 -0.15 0.47 -0.15 0.54 0.01 -0.25 -0.23 -0.25 1.00 
   
V -0.02 0.53 0.60 0.06 0.93 -0.19 0.50 -0.10 -0.08 0.92 0.94 0.48 -0.23 1.00 
  
Y 0.42 0.02 -0.09 0.16 0.23 0.58 0.04 0.30 0.09 0.21 0.10 0.03 0.28 0.18 1.00 
 











Table C.13. Element correlation coefficients in Pittsburgh, PA Control samples across all months analyzed. Green text is correlation 
coefficients >0.9 and brown/yellow text is correlation coefficients >0.75. 
Control Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn 
Al 1.00 
               
Ba 0.03 1.00 
              
Ca 0.25 0.53 1.00 
             
Fe 0.97 0.09 0.27 1.00 
            
K 0.19 0.20 0.74 0.19 1.00 
           
La 0.79 0.28 0.44 0.80 0.32 1.00 
          
Mg 0.73 0.49 0.68 0.75 0.58 0.79 1.00 
         
Mn 0.24 0.24 0.38 0.29 0.40 0.46 0.49 1.00 
        
P 0.16 0.59 0.25 0.15 0.09 0.16 0.38 0.08 1.00 
       
S 0.34 0.68 0.61 0.36 0.43 0.33 0.72 0.20 0.54 1.00 
      
Si 0.71 0.17 0.76 0.71 0.56 0.69 0.72 0.21 0.08 0.42 1.00 
     
Sr 0.29 0.42 0.83 0.32 0.64 0.55 0.60 0.30 0.19 0.41 0.74 1.00 
    
Ti 0.95 -0.04 0.13 0.93 0.10 0.66 0.63 0.08 0.15 0.28 0.64 0.16 1.00 
   
V 0.72 0.06 0.62 0.70 0.45 0.61 0.64 0.05 0.06 0.29 0.91 0.57 0.69 1.00 
  
Y 0.86 0.30 0.35 0.84 0.26 0.90 0.76 0.38 0.28 0.33 0.65 0.49 0.76 0.61 1.00 
 











Table C.14: Element correlation coefficients in Pitt Control samples across all months analyzed. Green text is correlation coefficients 
>0.9 and brown/yellow text is correlation coefficients >0.75. 
 
Al Ba Ca Fe K La Mg Mn P S Si Sr Ti V Y Zn 
Al 1.00 
               
Ba -0.11 1.00 
              
Ca 0.20 0.60 1.00 
             
Fe 0.95 -0.07 0.22 1.00 
            
K -0.06 0.26 0.34 -0.11 1.00 
           
La 0.77 -0.02 0.33 0.76 0.03 1.00 
          
Mg 0.61 0.41 0.81 0.63 0.32 0.69 1.00 
         
Mn 0.90 0.00 0.30 0.94 -0.05 0.82 0.72 1.00 
        
P 0.07 0.34 0.13 0.06 0.64 -0.11 0.12 -0.02 1.00 
       
S 0.15 0.51 0.68 0.13 0.87 0.26 0.67 0.21 0.58 1.00 
      
Si 0.15 0.46 0.84 0.12 0.71 0.29 0.75 0.16 0.38 0.90 1.00 
     
Sr 0.18 0.19 0.71 0.18 0.30 0.41 0.62 0.33 -0.11 0.45 0.59 1.00 
    
Ti 0.93 -0.17 0.13 0.92 -0.14 0.67 0.52 0.87 0.02 0.05 0.03 0.15 1.00 
   
V 0.01 0.24 0.37 -0.05 0.95 0.13 0.41 0.04 0.51 0.87 0.74 0.39 -0.07 1.00 
  
Y 0.86 -0.03 0.27 0.81 0.11 0.87 0.68 0.84 0.05 0.30 0.30 0.35 0.76 0.22 1.00 
 




Figure C.6. Ti containing particle from Baltimore, MD control sample 
 




Figure C.8: Close up of Ti rich particles from Baltimore, MD background 
 
 




Figure C.10: Ti containing particles in a control located at Golden, CO 
 
 




Figure C.12. Example of Ti particle diameter histogram for Golden, CO Mar 2018 single particle analysis. Assuming TiO2 with the 




Table C.15. Results of a t-test on the means of Ti mass release for all months at each location at 
95% confidence the p value would be less than 0.5 to be considered different means.
Location Control Concrete p-value 
Tempe, AZ 9.33 8.92 0.8373 
Golden, CO 3.6 4 0.4237 
Baltimore, MD 0.83 0.98 0.5054 
Corvallis, OR 4.24 3.77 0.7184 




APPENDIX D  
ELEMENT THROUGH TIME FIGURES FOR ALL WEATHERING LOCATIONS IN 
THE TIO2 COCRETE WEATHERING STUDY 
The following figures were generated in MATLAB to show the mass of each element 
detected in control and concrete samples. Data points are mean with standard error for error bars. 
The data was normalized to time prior to graphing. Cement is a misnomer here in these figures 
properly labeled, it will be concrete.  
In all figures: Top left is Tempe, AZ (Arizona State University); top center is Golden, CO 
(Colorado School of Mines; top right is Baltimore, MD (John Hopkins University; bottom left is 
Corvallis, OR (Oregon State University); and bottom center is Pittsburgh, PA (the project was 
shared between Carnegie Mellon University and University of Pittsburgh).  See Figure A.2. for 
map of locations.  
Lack of data points usually means that either the concentration in the analysis was below 
the detection limit (see Table C.1) or the element did not pass continuing checks for that analysis 
and the data were removed. Graphs for Thallium (Tl) and Selenium (Se) are not shown as there 






Figure D.1. Aluminum mass through time at all locations. Lower Right: Ratio of Al in concrete over the control, solid black line is a 





Figure D.2. Monthly Arsenic mass through time at all locations. Lower Right: Ratio of As in cement over the control, solid black line 















Figure D.5. Beryllium mass through time at all locations. Lower Right: Ratio of Be in cement over the control, solid black line is a 








Figure D.7. Cadmium mass through time at all locations. Lower Right: Ratio of Cd in cement over the control, solid black line is a 








Figure D. 9. Chromium mass through time at all locations. Lower Right: Ratio of Cr in cement over the control, solid black line is a 













Figure D.12. Potassium mass through time at all locations. Lower Right: Ratio of K in cement over the control, solid black line is a 





Figure D.13. Lanthanum mass through time at all locations. Lower Right: Ratio of La in cement over the control, solid black line is a 









Figure D.15. Magnesium mass through time at all locations. Lower Right: Ratio of Mg in cement over the control, solid black line is a 





Figure D.16. Manganese mass through time at all locations. Lower Right: Ratio of Mn in cement over the control, solid black line is a 





Figure D.17. Molybdenum mass through time at all locations. Lower Right: Ratio of Mo in cement over the control, solid black line is 
















Figure D.20. Phosphorus mass through time at all locations. Lower Right: Ratio of P in cement over the control, solid black line is a 
















Figure D.23. Antimony mass through time at all locations. Lower Right: Ratio of Sb in cement over the control, solid black line is a 
















Figure D.26. Strontium mass through time at all locations. Lower Right: Ratio of Sr in cement over the control, solid black line is a 





Figure D.27. Titanium mass through time at all locations. Lower Right: Ratio of Ti in cement over the control, solid black line is a 





Figure D.28. Vanadium mass through time at all locations. Lower Right: Ratio of V in cement over the control, solid black line is a 














APPENDIX E  
COPYRIGHT PERMISSIONS  
Permission from publisher Elsevier found at URL: 
https://www.elsevier.com/about/policies/copyright 
Personal use: 
Authors can use their articles, in full or in part, for a wide range of scholarly, non-commercial 
purposes as outlined below: 
Use by an author in the author’s classroom teaching (including distribution of copies, paper or 
electronic) 
Distribution of copies (including through e-mail) to known research colleagues for their personal 
use (but not for Commercial Use) 
Inclusion in a thesis or dissertation (provided that this is not to be published commercially) 
Use in a subsequent compilation of the author’s works 
Extending the Article to book-length form 
Preparation of other derivative works (but not for Commercial Use) 
Otherwise using or re-using portions or excerpts in other works 
These rights apply for all Elsevier authors who publish their article as either a 
subscription article or an open access article. In all cases we require that all Elsevier authors 
always include a full acknowledgement and, if appropriate, a link to the final published version 
hosted on Science Direct. 
Copper Release Paper Copyright permissions for Thesis 
Katie Challis <kchallis@mymail.mines.edu> Mon, Apr 27, 2020 at 4:07 PM 
To: Jim Ranville <jranvill@mines.edu> 
I am emailing to request copyright permission tor the use of text and figures in our shared 
publication: 
Copper release and transformation following natural weathering of nano-enabled pressure-
treated lumber, Science of The Total Environment, Volume 668, 2019, Pages 234-244, ISSN 
0048-9697, https://doi.org/10.1016/j.scitotenv.2019.01.433. 
As co-first author I will be completely reproducing the text and figures (with some minor edits) 
as a chapter in my thesis. 
174 
 
Please reply to this email with your consent and signature. 
Thank you, 
Katie Challis 
James Ranville <jranvill@mines.edu> Mon, Apr 27, 2020 at 4:49 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
I approve. 
James F Ranville 
Professor 
Department of Chemistry 
Colorado School of Mines 





Katie Challis <kchallis@mymail.mines.edu> Mon, Apr 27, 2020 at 3:56 PM 
To: Leila.pourzahedi@gmail.com, durkin@usna.edu, Yuqiang.Bi@asu.edu, "Wang, Yan" 
<YAW47@pitt.edu>, fcbrown1@asu.edu, "Garland, Michael Austin" 
<garlandm@oregonstate.edu>, Kiril.Hristovski@asu.edu, robyn.tanguay@oregonstate.edu, Paul 
Westerhoff <P.WESTERHOFF@asu.edu>, glowry@cmu.edu, "Gilbertson, Leanne Marie" 
<lmg110@pitt.edu>, Howard Fairbrother <howardf@jhu.edu> 
Hello All!  
I am emailing to request copyright permission tor the use of text and figures in our shared 
publication: 
Copper release and transformation following natural weathering of nano-enabled pressure-
treated lumber, Science of The Total Environment, Volume 668, 2019, Pages 234-244, ISSN 
0048-9697,https://doi.org/10.1016/j.scitotenv.2019.01.433. 
 As co-first author I will be completely reproducing the text and figures (with some minor edits) 
as a chapter in my thesis. 
 Please reply to this email with your consent and signature.  
Thank you,  
175 
 
Katie Challis   
Katie Challis <kchallis@mymail.mines.edu> Mon, Apr 27, 2020 at 3:57 PM 
To: "Lankone, Ronald S. (Fed)" <ronald.lankone@nist.gov>, Ronald Lankone 
<rlankon1@jhu.edu> 
Frank Brown <fcbrown1@asu.edu> Mon, Apr 27, 2020 at 3:58 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
I consent 
Tanguay, Robyn Leigh <Robyn.Tanguay@oregonstate.edu> Mon, Apr 27, 2020 at 4:00 
PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
That is fine. 
 
Gilbertson, Leanne Marie <leanne.gilbertson@pitt.edu> Mon, Apr 27, 2020 at 4:06 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
Cc: D Fairbrother <howardf@jhu.edu> 
Hi Katie, 
I am OK with this. One thing you might want to check though is whether Ron included it in his 
thesis. You might run across some issues or need to complete some additional permissions if it 
already appears in another thesis. I’m not 100% on this, you should check on any potential 
restrictions though. 
Congrats on finishing up!  
Leanne 
-- 
Leanne M. Gilbertson, PhD 
Assistant Professor, Civil and Environmental Engineering 
Chemical and Petroleum Engineering (Secondary Appointment) 
University of Pittsburgh 
Mailing Address: 3700 O’Hara Street, 742 Benedum Hall, Pittsburgh, PA 15261 






D Fairbrother <howardf@jhu.edu> Mon, Apr 27, 2020 at 4:07 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
Katie. 
You have my permission 
Howard Fairbrother 
Professor of Chemistry 
Johns Hopkins University 
http://sites.krieger.jhu.edu/fairbrother-lab/ 
] 
Gregory Lowry <glowry@andrew.cmu.edu> Mon, Apr 27, 2020 at 4:16 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
Yes, I approve. Good luck with the thesis. 
Greg 
-- 
Gregory V. Lowry, Ph.D., BCEEM 
Walter J. Blenko, Sr. Professor of Civil & Environmental Engineering 
Deputy Director, Center for Environmental Implications of Nanotechnology 
Carnegie Mellon University, Pittsburgh, PA 15213 
Kiril Hristovski <khristo@mainex1.asu.edu> Mon, Apr 27, 2020 at 4:17 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
Ok with me. 
Kiril Hristovski, Ph.D. 
Arizona State University 
kiril.hristovski@asu.edu 
  
Paul Westerhoff <P.WESTERHOFF@asu.edu> Mon, Apr 27, 2020 at 4:27 PM 
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To: Katie Challis <kchallis@mymail.mines.edu>,  
Ok by me 
  
Yuqiang Bi <yuqiangb@asu.edu> Mon, Apr 27, 2020 at 4:56 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
Hi Katie, 




Yuqiang Bi, Ph.D. 
Assistant Research Professor 
School of Sustainable Engineering and the Built Environment 
Interdisciplinary Science & Technology Bldg 4 (ISTB4) 392 
Arizona State University 
  
E-mail: yuqiangb@asu.edu 
Wang, Yan <YAW47@pitt.edu> Mon, Apr 27, 2020 at 7:07 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
You have my consent, Katie. Best of luck with your thesis!  
Best regards, 
Yan Wang 
Civil and Environmental Engineering Department, 
Swanson School of Engineering, 
715 Benedum Hall, 
3700 O'Hara Street, 
University of Pittsburgh, 





Ronald Lankone <rlankon1@jhu.edu> Mon, Apr 27, 2020 at 7:42 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 
Hi Katie, 
Thanks for checking on copyright, I remember it being a bit of weird topic and it feeling like an 
unexpected curveball while trying to wrap things up.  
Leanne raises a really good point. Fortunately, Hopkins grants me full ownership of the 
copyright to my thesis. So in my best legalese, I say: I Ronald S. Lankone grant you Katie 
Challis permission to reproduce text and figures from my thesis associated with our shared 
publication Copper release and transformation following natural weathering of nano-enabled 
pressure-treated lumber, Science of The Total Environment, Volume 668, 2019, Pages 234-244, 
ISSN 0048-9697. 
Regarding permission from Elsevier/SotE to reuse text/figures, I am not expert in copyright law, 
but it looks like since you are a co-author, you have a standing permission to use text/figures 
from the publication in your thesis (https://www.elsevier.com/about/policies/copyright, under 
"Personal Use"). I would hope everyone gets back to you, but if anyone is slow to respond, I 
wouldn't sweat it - it looks like you are all clear to reuse any/all you need to from that 
publication. 
Hope all is well and the rest of the home stretch stretch goes smoothly!! 
Ron  
From: Katie Challis <kchallis@mymail.mines.edu> 
Sent: Monday, April 27, 2020 6:11 PM 
To: Ronald Lankone <rlankon1@jhu.edu> 
Subject: Fwd: Copper Release Paper Copyright permissions for Thesis 
David Durkin <durkin@usna.edu> Mon, Apr 27, 2020 at 7:57 PM 
To: Katie Challis <kchallis@mymail.mines.edu>, Ronald Lankone <rlankon1@jhu.edu> 
Katie 
You shouldn't need to email all co-authors for permission to use this wholesale in your 
thesis.....it's in the fine details of their copyright paperwork listed online for most journals that it's 
"ok".  Of course, if you are nervous, you have my blessing and a hundred thousand wishes of 
GOOD LUCK AND GODSPEED for your thesis defense!!!! 
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You may also want to ask Ron Lankone what portions of that manuscript he put into his 
thesis...I'd think it would be unusual for both of you to put the entire thing whole-sale into two 
different theses as chapters....no?    Honestly, I'm not sure.  BTW, I'm the guy who did 1055 
Flame-AA measurements that went into a small figure and table for that paper.......one of my 




CDR Dave Durkin, USN, PhD 
Permanent Military Professor, Chemistry Department 
Director of the Academy Awards 
U. S. Naval Academy 
572M Holloway Rd, Stop 9B 
Annapolis, MD 21402-5026 
 
Leila Pourzahedi <leila.pourzahedi@gmail.com> Tue, Apr 28, 2020 at 7:44 AM 
To: Katie Challis <kchallis@mymail.mines.edu> 




Katie Challis <kchallis@mymail.mines.edu> Fri, May 8, 2020 at 3:05 PM 
To: magarland@ucdavis.edu 
Hi Mike,  
I am emailing to request copyright permission tor the use of text and figures in our shared publication: 
Copper release and transformation following natural weathering of nano-enabled pressure-treated 
lumber,Science of The Total Environment, Volume 668, 2019, Pages 234-244, ISSN 0048-9697, 
https://doi.org/10.1016/j.scitotenv.2019.01.433. 
 
 As co-first author I will be completely reproducing the text and figures (with some minor edits) as a 




Please reply to this email with your consent and signature.  
Thanks for the well wishes! I did pass my defense. I'm just addressing some comments etc now.  
Thank you,  
Katie Challis   
 
Michael Garland <magarland@ucdavis.edu> Fri, May 8, 2020 at 3:08 PM 
To: Katie Challis <kchallis@mymail.mines.edu> 




Michael A. Garland, PhD 
Postdoctoral Scholar, Zhou Laboratory 
Department of Biochemistry and Molecular Medicine / UC Davis School of Medicine 
Institute for Pediatric Regenerative Medicine / Shriners Hospitals for Children - Northern California 
2425 Stockton Blvd, Room 602 
Sacramento, CA 95817, USA 
 
